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1, Audrey D. Goddard, PhuD. do hereby declare and say as follows: 

1. I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 200 1,1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL 9 PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et aL, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al., Proc. 
Natl. Acad. Sci. USA 95(25): 147 17- 14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712):699-703 (1998) (Exhibit F) and Bieche et al 9 Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i:e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown * 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



Date 




Audrey D. Goddard, Ph.D. 
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AUDREY D. GODDARD, Ph.D. 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Gerientech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 
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1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods, 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25,2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood WL WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002, 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16,2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q f Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S t Xie t M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J ( Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood WL Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22 f a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527; 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M t Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM t Pitti RM t Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP f Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ( Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA f Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl ( Gumey AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnM -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TfRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P t and Ashkenazi A. (1997) Control of 
TRAIL-lnduced ApoptQsis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ. Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3. a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM. Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q. Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes: Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD, Covello R, Luoh SM, Ciackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. NeuroscL Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute prpmyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet Cell. Genet 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 1 0: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL. (1989) 
Germline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Bioloav of Th e Eve: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a FCR- Since the fluorescence of 
EtBr increases in due presence of double- 
stranded (ds) DNA an increase in Ouores- 
ceuce in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally* In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PGR 1 to. clin- 
ical Agnostics arc well fcttdwa^/it i$ still not 
widely used in this setting, even though it is 
femt- year* euxco thcrn*o*t=ible DMA potyxn pr- 
ases* made PCR practical. Some of the reasons for it* slow, 
acceptance are high cost, tack, of automation of pre- and 
post-PCR processing steps, and false positive results, from 
carryovCT-contamination, The Erst two points arc related 
in that labor is the largest contributor to cost ait the present 
stage of PCR development. Most current assays require 
soTTic forra of "downstream" processing once djermocy* 
ding is done in order io determine whether the target 
DNA sequence was present aod has amplified, The*e 
include DNA hybridisation** gel efectropboresis with or 
*Hhout use of restriction digestion 7 ^; HFtC 9 , or capillary 
rlectTophorcsis* 0 . These methods are labor-intense, have, 
tow throughput, and are difficult to automate. The third 
point is abo closely related to downstream processing. 
The handling of the FCk product in these dowiwtrcam 
processes increases the chances that anrgufied DNA will 
spread through the typing lab, resulting in a risk of 



carryover" false positives in subsequent testing 11 . 
These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously vruhin an unopened re- 
action vessel Assays m which such different processes take 
jlace without, the need to separate reaction components 
jave been termed ■^mogeBeous"'- No truly homogc-. 
t&eous PCR assay has been demonstrated to date, although 
progress towards this end has been reported* Chehab, et 
al. 1 * developed a PCR product detection scheme using 
fluorescent primers that resulted in a fittorcscent PCR 
product Allcfc^pedfic primers, cadi with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al> ls , developed an assay in 
which the endogenous 5 r exonudease assay of Taq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR amplm* 
cation had produced its complementary sequence. In 
order to detect the cleavage products, however, a subse- 
quent process is again needed. . 

We have developed a truly homogeneous assay For PGR 
and PGR product detection based upon tbc greatly in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they are bound .tcvds- 
DrM t4 ^ l<J . As outlined in Figure I, a prototype PCR 
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H8VKE 1 Principle of siimritaocotu amplification and detection of 
PCR product lite compoacnu of a PCR <ont3rtnrn^ EtBr that arcs 
fliiores^nt ?re hstcd—EtBr itsdf, EtBr bound to other ssDNAot 
daDN A. There is a large CUwrcsccncc enhancement when EtBr Is 
bound to DNA and binding; « greatly enhanced when DNA is 
double-stranded. After sumdeut <n) . cycles of PGR, thc .net 
increase tn d»t>NA resuks u> additional EtBr binding and a ntt 
increase in total fluorescence; 
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ftSQtt 2 Gel electrophoresis of PCS. ^njplifi cation products of the 
human, mtdear gene, HLA DQti, made in the proencc of 
increasing amounts of EtBr (up to 8 fig/ml). The presence of 
EtBr lias no obvious effect on the yield or spedfiefcy of amplifi- 
cation. 
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HGOXE i (A) fluorescence measurement?, from PCRs that contain 
0.5 u-gftn! EtBr and that ate specific for Y^hrotnososnc repeat 
vteooeticc*. Five replicate PCR* ^ere begun containing each of the 
DNA* specified. At each indicated cyde, one of the five replicate 
PCRs for each DNA Was removed from thcrmocydmg and H$ 
fluorescence measured, Unit* of fluoresce nee are Arbitrary. (B> 
UV photography of PGR tube* (0,5 ml Eppcndorf ^style, polypro- 
pylene microcentrifuge tubes) cont»mmg reactions, those scatfe 
mg from 2 ng male DNA and control reactions without any DMA* 
from (A), 
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begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase! An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per FCR^ 8 , If EtBr is present, the reagent* 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself* and EtBr bound to the singk-^tranded 
DNA primers ami to the doublcxEtranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doublc-hefut). After the first denaturation cyde, target 
DNA will be largely sin^te-stranded. After a fCR is 
completed, the most signfficant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several rakrc$rams- Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence* There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during thermocy- 
ding. r 

RESULTS 

PGR in the presence of EtBr. Irj order to assess th? 
affect of EtBr io PGR, anrpKncations Of the human Hl*A 
DQa gene 19 were performed with the dye present at 
concentrations from 0,05 to 8,0 tLgfixil (a tyDtca? concen- 
tration of EtBr used tn staking of nucleic aads following 
gel electrophoresis is 0*5 p-g/mf). As shown in Figure 2, get 
electrophoresis revealed little or no djlfercncc in the yield 
or quality of die amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not rohibk PCR, 

Detection of human Y-dbonkOsonw specific s** 
enrcnees* Seo^nx^-speiific, fluorescence enhancement of 
EtBr as a result of PGR was demonstrated ia a scries of 
amplifications containing 0.5 jJt-g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc 20 - These PCRs initially contained either 
60 ng male* 60 ng female, 2 ng male human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
1 7, 21 1 24 and 29 cycles of therniocyding, a PGR for each 
DNA was removed from the thennocyder, and its. fluo- 
rescence measured in a spectrofluorometer and plotted 
vs, amplification cycle number (Fig. 3 A). The shape of this 
curve rcSccts the fact that by the time an increase in 
fluorescence can he detected, the increase in DNA is 
becoming linear and not exponential with cycle number: 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that little DNA synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed* unopened PCRs on a UV 
traiisururniTvatOT and photographing them through a red 
filter. This is shown in figure SB for the reactions that 
began with 2 ng male DNA and those with no DNA* 

Detection of specific allele* of the human 0-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the sickle-cell anemia mutation was performed* Figure 
4 shows the ftuotcsccnce from completed ampMcaiionj 

containing EtBr (0.5 pigtail) a$ d*toet*d by photography 

of the reaction tubes on a UV transuluminator. These 
reactions were performed using- primers specific for ei- 
ther the. witd-tvpe or skkk-cell mutation of the human 
p^lobin gene*\ The specifkity for each allele is imparted 
by placing the sickle-mutation site at the terrains) V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus an> 
pliBcatioint — can take place only if the 3' nucleotide of the 
primer is complementary to the 0-globin allele present** 

Each jpair of amplifications shown in Figure 4 consists of 
a reaction with either the wild-type allele specific (left 
tube) or skklc-aUde specific (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wHd-type $-globin individual (AA); from a heterozygous 
sickle ^globin individual (AS); and from a homozygous 
sickle p-globm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each)* The DNA type was reflected in the ' 

jatrve fluorescence intensities in each pair of completed 
ftm plnicatkms. There was a significant increase in fluores* 
^oc only where a £-globin allele DNA matched the 
primer set. When measured on a spcctrofltioronietcr 
M^ta not shown) , this Buoresccncc was about three times 
Jj^t present in a FCR where both 0-dobm alkies were 
„iisiiiatchcd to the primer set* Gel electrophoresis (not 
dhown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for £-globin> There was 
[itdc synthesis of dsDNA in reactions in which the allele- 
^pednc primer was mismatched to both alleles.. 

Coutiiruow monitoring of a PGR* Using a fiber optic 
dcvieeril i» possible to direct excitation illumination from 
j, spectrofl uorometer to a PCR undergoing thcrmocyding 
8 nd to return its fluorescence to the iqpectroftuorometCT. 
The fluorescence readout of such an arrangement, di- 
tcctcd *t an EtBr-concaining amplification of Y-chromo- 
jornc spcci6c sequences from 25 ng of hujrnan male DNA* 
fo shown in Figure 5. The readout from a control t*CR 
with no target DNA is also shown. Thirty cycles of PCR 
were monitored for each- 

The fhiorcsccnce trace as a function of time clearly 
shows the efFect of the thertnocyding. Fluorescence inten- 
sity rises and falls inversely with teinpcmure* The fluo- 
rescence intensity is minimum at the denaturadon tem- 
perature (94°C) and maximum at the annealiiig/exten&ion 
temperature (5(TC). In the negaiive-control FCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbarmocyde^ indicatiiig that there is 
tttttc dsDNA ^thesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr during 
the continuous ilhimtnation of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
incrcane at about 4000 seconds of ihcrroc<yding, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturatioo. temperature do not 
fiigfuftcandy increase, presumably because at this temper- 
ature there is no d&DNA for EtBr to bind. TTius the course 
of the amplification is followed by tracking the fluores- 
cence increase at the annealing temperature. Analysis of 
i he products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected si±e for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specinc probe can enhance die specificity of DNA 
decei&km b> FCR. The cKinu>atkiri of-theac processes- 
means that* the specificity of this homogeneous assay 
depends solely on (hat of FCR. In the case of fickle-cell 
disease, wc have; shown that PGR alone has sufficient DNA 
sequence apecificky to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of ckDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than mat required* to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of die target sequence, HIV detection requires 
both more specificity and the input of more total 



Homozygous 

AA 



Heterozygous 

AS 



Homozygous 

ss 



„ UV photography of PCR tubes containing ainptificftUons 
using EtBr ifc?t are specific to void-type (A) or siewc <S> alld« of 
the human £-globin gene. The left of each p&ir of tubes contains 
aMe-spcdfic primers to the wild-type alleles, the right tube 
primers to the sktte attoe- The photc^raph was tafcen after 30 
cycles of PCR, aad the input DNAs and the alleles jhey contain 
are indicated. FS% ug of DNA was used to bepn PCR. Typmg 
was done hi triplicate (3 pair* of PC&) for each input DNA: 




T- = 1 1 

4G00 6000 8000 
time (sec) 

ROTHES Contkttttous, real-time mowtormg of aPCR. A fiber optic 
was used to carry excitation fight to a PCJR m progress and also 
emit*** light back to a Buororoctcr (see Exj^nmcntal frttOToJ). 
Ampttficaaon wiag human ajalo-DNA specific printers in a PCR 
SUrW with 20 ng of human nude DNA {top}, or ht a control 
PCR without DNA (boltfim), were roonhorcd. Thirty cydes of 
PCR were followed for each. The temperature Cycled between 
94*C (denaturauou) and 50*C (annealing and extension). Note in 
the male DNA PCR,. the cycle (rime) dependent increase in 
florescence At the anrteafing/exten«on usoperature. 
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DN A— up to microgram amount^HQ order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA m an amplication sig&itonUy increases 
the background fiuc*re$cence over which any additional 
fluorescence produced by PGR must be detected. An 
additional complication that occurs with targets in low 
copy-number is the formation of the ^rimet-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PGR targets if those targets are rare, The prim&r- 
dimcr product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous a*$ay. 

To increase PCR. specificity and reduce the effect of 
primer-dixncT arnpUftcatioa, we are investigating a num- 
ber of approaches, including the use of ncstod-primer 
amplifications that take place in a single tube 8 , and the 
"hot-start**, in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary results using these ap- 
proaches suggest that j>TimcrniuTjeT is effectively reduced 
and it is possible to oetect the increase in Etfir fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* celts. With larger number* of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PGR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to , 
the oUronw^eotide primer* 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-contaming PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocycling. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. Hie fluorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96-well format?*. In this format, the fluores- 
cence in each PCR can be quantitated before* after, and 
even at selected points during thermocycut»g by moving 
the rack of PCRs to a 96-microwcH plate fluorescence 
reader* 0 . 

Hie instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent e missions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during Pf.R a fluorescence increase is detected. Prelimi- 
nary experiments <Wiguehi and Bollinger, manuscript in 
preparation) with continuous monitoring have shown a 
Sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic screening-rcontinuous 
monitoring may provide a means of detecting false posi- 
tive and false negative result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
resuhs due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results tn a 
fluorescence increase only after a large number of cy- 
cles — many more than arc necessary co detect a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on (he presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the clink, an assessment of tt& false 
positive/false negative rates wfll need to be obtained using 
a large number of known samples. 

In summary, the inclusion m PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Htuxun HLA-DQ<k geoe ttnphScadoas containing EtQr. 
PCRs were ttt up ml 00 J*l vofomeg containing 1 0 mM Tri^HQ, 
pH 8.3; 50 mM KC1; 4 raM Mgd z : « units of foj DNA 
polymcrwe (Ferkm*£}mcr Genu. Norwalk* CT); 20 pinole cath 
of human HtA-DQa ' gene specific oligonucleodoe primers 
(JH*6 and GH27 19 and approximately W copies pi DQa PCft 
product diluted from a previous fraction. Ethidiu m bromide 
(El Br; StgttuO was used At tfoe concentrations indicated io Figure 
2* Theirmjcyding proceeded for 20 cycles in a model 480 
uHermocycier (Perkjn-EJiuer Ccpa, Norwalk, CT) using a "step- 
cycle*' program of 94*C for 1 mm* denatu ration and 6Q%r» for 30 
sec annealing and 72°C for 30 sec. mensioo, 

Y-chromoromc specific PCR* PCRs (100 ul total reaction 
volume) containing 1U> pgftul EtRr were prepared as described 
for HLA-OQc* f except wtm dhlercnt primers and target DNAs. 
These PCR* contained J $ pmolc each male DN A-ipccific prtmen 
YI.l and Vl-2 40 , and cither 60 ng male, €0 ng female, 2 ng male, 
or no human DNA. Therrnocyclttig was !M*G for I min. and SO^C 
for 1 uiin using a "rtcp-Cytie* prjgram. The number of cycles for 
a sample were as indicated in *Tgui*e 3. Fluorescence measure- 
ment is described below. 

Allcfc -specific, human p-gftofeia gco* PGR, AmpUncauons of 
100 fd volume tfsing 0.5 jig/ml of £tBr were prepared a? 
described far HLA-DQ* above except with different primers and 
target DNAs. These PCRs contained either primer pair HGPW 
H£MA <wBd-type globm specific r>rimcrs) or HGF2/H|*M$ (sick- 
le- riabin specific primers) at 10 pmoJe «*ch primer per PCR. 
These jpthncrs were developed by Wu ct aL 2 \ Three different 
<4Cgei DNA a *rere tixcd in separate amplifications?— 60 tig cacU of 
human DNA that was homozygous for the ifckk trait (53), DNA 
that was hctcrozyrom for the sickle trait (A$U or DNA that was 
homozygous for the W.t- gJobm (AA). ThcrmocYcfing w«tt for $0 
cycles at 94*C for 1 min. and 55*C tor 1 min. itsutgfl "step-cycte*' 
program. An annealing temperature of 55*C b*d heen shown vy 
Wu et aL 21 to provide allclc^pcdfic awpHncation. Completed 
PCRs were photographed through a red filter <Wratten 23A) 
after pladhg the reaction tubes awjp a model TM-36 trsnaiHutfli- 
nator (UV- products Sah-Gahriel, <^A)- 

FhioresecncemeasiuremetxL Fhw>moenee rocasurcraenw were 
mad^ oh PCRs containing EtBr in a Fhioro!og-2 fluoromCter 
(SFEX. Edison, NJ). Exciurtion was at the &00 nra band with 
ahour 2 nra bandwidth with a GG 455 ntn cut^ff.fiUer JMe»es 
Grist Inc., Irvine. CA> to exclude scccind-order light. Einrltea 
light was detected at 570 nm with a bandwidtb of about 7 nm- An 
OG 530 pm cut-ofF fifter was used to remove the excitation hgfrt 

CoratitttftOttft mio«^cence mooiWrmg of FCR. r^ntinuous 
monitoring ot a PCR in progress was accoraplisbed usirig uiC 
Bpcctrofiuorometcr and f etdnga descrtbed above as weW as a 
fiocTcrpdc accessory (SHEX cat no. 1950) to both send excuauoa 
fight to, aod receive cmiued light from, a PCR placed m a wcU of 
a model 480 rhcrmocydcr (ftrk'm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 mm .ute-cpoxy" to ufc 
open top of a FCR tube (a 0.5 ml potypropyfcnc centrifuge tube 
with its cap removed) cffecttvely scaling iL The exposed top <fj 
the PCR tube and the end of the fiberoptic cable were shielded 
from room light and the room light* were kept dimmed during 
each run- The monitored PCR was an amplification of V-cbio- 
rnc^ome^pcdfk repeat scqveDces aa described above, except 
using.an anncaiin^extension cemperauire of 50°C. The reacooa 

I was covered with mineral oil (2 drops) to prevent evaporation- 
TfecrrrKK^cUng and fluorcsccrjcc ro wuremcut were started si- 
multaneously, A tune-base scan with a 10 second kitcgraooo' tunc 
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v m UFCd and the emtadOtt Signal was ratiocd to tbc excitation 
jugrtal U> control foe changes in Ji^ht-iwircc iatcturfty. Dftt*.wc~ 
^Sliccied using the dra3000t, version S,5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopofysaccharide 
(LPS) complexed to lPS-8inding-Pratein (LBP). The 
concentration of Its soluble form is aftered under 
certain pathological conditions. There is evidence for 
an important role of sCD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic mariner and is therefore of value in 
monitoring these patients. 



IBL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -ptesma, cell-culture 

super natants and other biological fWds. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
rnonoctonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit 1 ng/ml 
CV: intra- and tnteressay < 8% 



For more information call or fax. 



GSSELLSCHAFT FUR IMMUNCHEMIE UND -BIOLOG1E MBH 

0STERSTRASSE 86 - D - 2000 HAMBURG 20 - GERMANY TEL. +40/491 00 61-64 • FAX + 40 /4011 98 
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SIMULTANEOUS AMPUFICATTON AND DETECTION OF 
SPECIFIC DNA SEQUENOS 

Russell Higuchi*, Gavin Bollinger 1 , P. Sean Walsh and Robert Griffith 

Roche Molecular Sytfems, Inc.. 1400 53rd St., Em'eryvflk, CA 94G0S- *C2»ron Corporation, 1400 53rd St, Emeryvrflc, CA 
94608. ^Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR- Since the fluorescence of 
EtBr increases in tibe presence of double* 
stranded (d*) DNA an inCi^ase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PCR 1 to cUn- 
tcal Agnostics arc wcU knowi* 2 **, it is still not 
widely used in this setting, even tliough it is 
four year* ciuco thcrroostaW* DNA potymei-- 
ase* 4 msdc PCR practical. Some of the reasons for its slow, 
acceptance are high cost, tack of automation of pre-? and 
post-PCR processing steps, and false positive results, from 
arryover -contamination. The first two points arc related 
in that labor is the largest contributor to cost flit the present 
stage of PCR development. Most Current assays require 
some form of "downstream" processing once thermocy* 
ding t£ done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridiwrjon** gel eJe^p*K^eais with or 
without use of restriction digestion* «*, HFLC 9 , or CTpfflary 
cleotrophorcsis 10 . These methods art labor-intense, hare 
low throughput, and axe difficult to automate. The third 
point is aho ctowty related to downstream processing. 
The handling of the PCR product in these dowratrcara 
processes increases the chances that arnpfified DNA will 
spread through die typing iab, resulting in a risk of 



carryover" false positives in subsequent testing , 
These downstream processing steps would be elimi- 
nated if specific ampliation and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
>lace without, the »eed to separate reaction components 
iave been termed -Ijomogerteous" 1 , JNo truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
aL™, developed a PCR produa detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AHc*Mpeeific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of trie 
DNA. However, the unincorporated primers rnust still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al> ls , developed anassa^in 
j*rruch Oie endogenous 5' exdnudease assay of Taj DNA 
pdtynierase was exploited to cleave a tobetai oligonucleo- 
tide probe. Hie probe would only deave if PCR arnpfjli- 
cation had produced its complementary sequence. In 
order to decect the dcavage products, however, a subse- 
quent process is again needed. ^ nt ^ 
We have developed a truly homogeneous assay for PGR 
and PCR r^rodnct deteedbo based upon tbc greatly in- 
creased fluorescence that ethidiunx btonude and other 
DNA binding dyes exhibit when they are bound tojls- 
DNA 14 ^ 1 *. As outtincd in Figure 1, a prototype PCR 



/ 



target w^tK^cc 




contain 
rtrp/t ifcqucncr 



IKVBE 1 Principle of simultaneous amplification and detection of 
PCR product: The cOjnponent& of a P<5R cont»inhi^ EtBr that arc 
fluorescent are listed— EtBr itself; EtBr bound toother ssDUA or 
daDN A. There is a large fluorescence enhancexnent when EtBr is 
bound to t>NA and bmdihg is Realty enhanced when DNA .is 
double-stranded. After sumcicTit <nf cydes of PGR* the net 
increase in dapNA rcsuks in adcUdocrai EtBr bincSiig, and * net 
increase in total fluorescence: 
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■ topected 
product 



FWHdi % Gel electrophoresis of PCS. amplification products of the 
humac, nuclear gene, HLA DQtt, made in the presence of 
increasing amounts of EtBr (up to 8 fLgftnl). The presence of 
EtBr fias no obvious effect on die yield or specificity of amplifi- 



A. 





HGtfla- % (A) fluorescence measurements from PCRs that contain 
0.5 ng/ml EtBr and that are specific for Y-chrotnosorioc repeat 
sequence*. Five replicate PCRs **CTt begun containing each at the 
DNA* specified* At each mdicttcd cycle, one of the five replicate 
PCRs for each DNA was removed from thermocydzng and its 
fluorescence measured, Units of fluorescence Are arbitrary. (B) 
UV photography of PGR tube* (0,5 ml Eppcndfcrfctylc, (XHyprO- 
pyfcne «\tcw><etitrifuKc tubes) containing reactions, those <sta.tt> 
ing from 2 ng male- DNA and control reactions without any DKA, 
from (A). 
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begins with primers that are *ingle-strandcd DNA (ss- 
DNA), dNTTs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. Th* amount can vary, dej 



on the application, from single-cell amounts of DNA 17 to 
micrograms per PGR* 8 , If EtBr is present the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the doublc^straaded target DNA (by 
its intercalation between the stacked bases of the DNA 
doublc-hcnx). After the first denaturaticm cycle* target 
DNA will be largely $ing*c-stranded. After a PGR is 
completed, the most significant change i$ the increase in 
the amount of dsDNA (the PGR produce itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much Jc$$ than to dsDNA, che effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 



VQE.10 APRIL W2 



before and after, or even cc>ni iauously during, thermocy- 
ding. 1 

RESULTS 

PCR in fiie presence of EtBr. In order to assess the 
affect of EtBr in PGR, amplifications of the human HLA 
DQa gene 1 * were performed with the dye present at 
concentrations from 0,06 to 8,0 M-g^rnl (a typical concen- 
tration of EtBr used tn staining of nucleic acids following 
get electrophoresis is 0.5 u^mf)- As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR, 

Defection of human Y-cfctootoscHua specific se- 
quences* Sequence-spcdnc^ fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a series of 
amplification containing 0,5 u-g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc 1 ^. These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
five replicate PCRs were begun for each DNA* After 9> 
17, 21, 24 and 29 cycles of therraocycling, a PGR k>r each 
DNA was removed from the therroocyder, and its fluo- 
rescence measured in a spectroflnorometer and plotted 
vs. amplification cycle number (Fig. 3 A); The shape of this 
curve rcSccts the fact that by the time an increase in 
fluorescence can be detected, die increase m DNA is 
becoming linear and not exponential with cycle number: 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain* 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng verms 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel decuxmhorests oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that utile DN A synthesis took, place in the 
control samples. 

In addition, the increase in. fluorescence wa* visualized 
by simply laying the completed, unopened PCRs on a UV 
transilhuninator and photographing them through a red 
filter. This is shown in figure SB for the reactions that 
began with 2 ng male DNA and those with no DNA- 

Defection of specific allele* of tire human g-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening* a detection 
of the siclde-cdl anemia mutation was performed* Figure 
4 shows the fluorescence from completed amplication* 

containing EtBr (0.5 ng/jftil) a* detect** by photography 
of the reaction cubes on a UV transillaminaior. These 
reactions were performed usuuj primer* specific for ci- 
ther the wild-type or sickle-ceil mutation of the human 
P-g!obin gene* 1 . The specificity for each aMctc is imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus am- 
plirkation — can take place only if the 3' nucleotide of du: 
primer i$ complementary to the £-gtobin aUck present** ■ 
Each pair ot ampfefications shown in Figure 4 consists of 
a reaction with either the wild Hype allele specific (left 
tube) <?r sicklc-aUele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type £~globin indivsdual (AA); from a heterozygous 
sickle ^Ipbin individual (AS); and from a homozygous 
sickle j^giobw individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each). The DNA type vas reflected in the ' 
j^jarive fluorescence intensities in each pair of completed 
amplifications. There was a significant increase in fluorea- 
^cc only where a ^globin allele DNA matched the 
primer set. Whco measured ou a spectroStioronictcr 
fjjatsi not shown), this fluorescence was about three times 
present in a PCR where both 0-gfobin alkies were 
^ibinatchcd to the primer set. Gel electrophoresis (aot 
pjiown) established that this increase in fluorescence vas 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for fcglobin. There was 
litdc synthesis of dsDNA in reactions in which the allele- 
5pecific primer was mismatched to both alleles. 

Cotirimiou5 jjwnitoTiKig of a PCR. Usiag a fiber optic 
devkcrit i» possible to direct excitation illumination from 
? spectrofl uorometer to a PCR undergoing thcrmocyding 
and to retirm its fluorescence to the Rpectroftuorometer. 
The fluorescence readout of such an arrangement, di- 
rected Rt an EtBr-conCaining amplification of Y*chroroo- 
some specific sequences from 2.5 ng of toman male DNA* 
is shown in Figure 5. The readout from a control fCR 
whh no target DNA is also shown. Thirty cycles of PCR 
v erc monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thertnocydiiig. Fluorescence inten- 
sity rises and fills inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (94°C) and maximum *t the anneaUng^extemion 
temperature (SOX). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcxmocyckss indicating that there is 
little dsDKA synthesis without the appropriate target 
DNA, and there is little if any Webbing of EtBr durtng 
th< continuous iHurnination of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds of theisnccycting, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable leveL Note that the fluo- 
rescence minima at the denaturation temperature do not 
significantly increase* presumably because at this temper- 
ature there is no dsDNA for EtBr to bind- Tiros the course 
of the amplification is followed by tracking the fluores- 
cence increase at the aoneaHtuj temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridisation toase- 
quence^pedfic probe can enhance the specificity of DNA 
decetAlvu by PGR. The eExnumtKm of thcac processes 
means that' the specificity of this homogeneous assay 
depends solely on ihat of FClL In the case of sickle-cell 
dltease, we have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, (here is little non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to depect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which TcquiTcs detection 
of a viraJ genome that can be it the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of the target sequence, HIV tfecection requires 
ooth more specificity and the input of more total 
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UV photography of PCR tubes containing topEficatnms 
using EtBr that art specific to wWkypc (A) or sicXk (S> attctes of 
the tniman £-globin gene. The left of e^p^cf tubes contains 
allele* specific primers to the wild-type alleles, the right tube 
primers to the sicWe aflefc- The phmograph vys tatcn after 30 
cycles of PCR, a«d the input DNAs and the alleles Jhzy eoutaki 
*re indicated. *g of DNA was used to bean PGR Typing 
was done in triplicate (3 pair* of PC&O for ^CP input DNA 
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nMdt S Contittttous, real-time monitoring of a PCR. A fiber optic 
was oscd to carry, excitation ItgJtt to a *CR m progress and also 
emitted light back to a fluoro meter (sec E^oenmental ^occj). 
Amplification tfsiag human nude-DMA specific primers in a PCR 
starting with 20 ng of human male DNA {tofh °r in x control 
PCR inthout PNA (bottftm), w«re monitored. Thirty ^eyde? of 
PCR were followed for each, The temperature Cycled between 
94*C (denatumtiou) and 50*C (annealiog and extension). Note in 
the male DNA PCR, the cydle (tunc) dependent increase in 
fluorescence at the aimeafia^exteDsioQ temperature. 
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DN A— up to microgram amounts-Ha order to have suf- 
ficient numbers of target sequences. This large amount of 
starling DMA tn an amplification si^ifrc^utly increases 
the background fluorescence over which amy additional 
fluorescence produced by PCH must be detected. An 
additional complication that occurs with targets Ut low 
copy-number is the formation of the **priraet-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer 3$ a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PGR targets if those targets are rare, The primer- 
dimcr product is of coutsc d$DNA and thus is a potential 
source of false signal In this homogeneous a*$ay. 

To increase PGR specificity and reduce the effect of 
primer-dimcr antplifkatioix, we are investigating a num* 
OCT of approaches, including the use of nested- primer 
amplifications that take place in a singic tube 3 , and the 
"hot-start 1 *, in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins* 5 . Prelhniriary results using these ap- 
proaches suggest tbatprimcr-dirocT is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10 s cells. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
become? pitiblematic. To reduce this background, it may 
be possible to use sequence-specific DNA~bmding dyes 
that can be made to^rcfcrendaJiy bind PGR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the FCR product & rough a 5' "add-on" to . 
the ouTOnudcotide primer 24 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
thermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed FCR* is alreadyposiiblc with existing instru- 
mentation in 96-weJi format* . In this format, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points during therraocyenng by moving 
the rack of PCRs to a 96 r micrwcll plate fluorescence 
reader 2 *. 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberopdes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure & shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected. Prelimi- 
nary experiments <Wiguchi and Dowinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic scxeening-^continuons 
monitoring may provide a means of detecting false posi- 
tive and false negative results With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
results due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently ampRfying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles — many more than arc necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on die presence 
or absence of nWescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the clinic, an assessment of te& fal$e 
positive/false negative rates w3I need to be obtained using 
a large number of known samples. 

In summary, the Inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the FCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the High throughput of 
samples* 

EXPERIMENTAL PROTOCOL 

Human HLA-DQw gen* ^pWteaOons containing £t&. 
PCRs were set up ml Oft }4 volumes cental ning 1 0 mM TnVHQ, 
pH 8.3; 50 mM RC1; 4 mM MgC^: « units of too DNA 
polymerase (Ferltm^Elntcr Cctu-V Norwalk, CT); 20 oriole each 
of human HlA-DQa gene specific oligonucleotide primers 
<*H26 and CH2? 19 and approximately W copies of DQfc PCft 
product diluted from a previous reaction. Ethidium bromide 
tEtor; SigtwAj) was used M the concentrations indicated in Figure 
2. Thermocyding proceeded for 20 evd« in a model 460 
thermoevder (Per kin-Elmer Ccum, Norwalk., CT) using a "stcp- 
cycJc" program of 94*C for 1 mm- denatuTaum and 60T- for W 
sec antKSUmg and 72*C for 30 sec. extension, 

Y-^hrontosomc specific PCR* PCRs (100 ul total reaction 
volume) containing b*5 pgfaal J5tBr were prepared as described 
For HLA-DQ?r except with different primers and target DNAs. 
These PCRs con Wined J $ pinole each male DN A-spcciJjc prtrne*? 
YI. 1 and Yl.2 M , and cither 60 ng male, 60 ttjfemale, 2 ntg male. 
ot no human UNA. ThermOcydmg was^^Tor 1 min- and 6u?C 
for 1 min using a "stcp<yele w pro g ra m- The number or cycles for 
a sample ifere as mdkawd in Figure 3. Fluorescence measure- 
ment is described below. 

Ancle-specific, human gew* PCR, AmpUncauons of 

100 pJ vpJume losing 0 5 p^/m\ of ZiBr were prcpamJ as 
described for HLA-DQ* above except with different prhner* and 
target DNAs. These PCRs contained «uW pnmer pair HOPS/ 
HP MA <wiWHype globin speemc primers) or HCF2/HfJl4S gck- 
le-globin spedfic primers) at 10 pmole e^ch primer per PCR. 
Tfcesejpthrtcis were developed by W« ct aL». Three dtuerent 
Utgei DNA-t tuecd in separate amplhrcauonsr-^50 ng each of 
human DNA that was homozygous for the sickle trait <S5)* DNA 
that was heteroryrom for the sickle trait (AS), or DNA that voa 
homo^rgous for UK w.t- gloWn (AA). Thcrmocycfing was For 30 
cycles at 94"C for 1 min. and 5$*C for 1 min. itsttg 51 ^Mytte'* 
program. An annealmg temperature of SS^C b*d been shovm try 
Wu et aL 21 to provide allclc^pcdnc awplitotion. Completed 
PCRs were photr>gTaphcd through a red fitter (Wratten^S A} 
after placing the reaction tubcj a«JP a model TM-36 transuluOn- 
nator 

Fhio teK C i^ ee meagiiremetit. Flworescenoe rocasaiieracn^ were 
mad* on PCRs containing EtBr in a Fluorolog-2 ntioromctcr 
fSFEX, Edison, NJ). Excitation was at the &0 n nrn band with 
xham 2 nm bandwidth with a GO 435 nm ojl^ff ^^JMclles 
Crist Inc., Irvine. CA) to exclude second-order light, touted 
light was detected at 570 nm with a barid width of about 7 nra. An 
OG 530 nm cut-off Biter was used to remove the radtaubn hgfrt 

ContitHtouA ft&ore5iceiiee ircnuformg of FCR, COf>pnuoui 
monitoring of a PCR in progress was accomplished using me 
spectrofiuorometer and setdnga descrtbod Above as WCU a* a 
fiWiptic accessory <SFEX cat no. 1950) to both send excitation 
light to. and receive emitted light from, a PCR placed m a well oj 
a model 480 !h«*mo<7dcr (Pcrkm-Elmer Gttus). The probe end 
of the fibcreptic cable was attached with "5 mmutc-cpoxy"' to the 
open top of a FCR tube (a 0.5 ml po^ypropyJenc centrifuge tube 
with its cap removed) effectively scaling rC The exposed tof > oj 
the PCR tube and the end of uie fiberoptic cabte were siijeWed 
from room light and the rooto light* were kept dimmed during 
each run. The monitored FOR was an ao>ptificaiion of Y-ojto* 
rnosome-spcdrk repeat sequences as described above, except 
u$ii)ff an anncab'ng/extension cemperauurc of SOX. The reaction 
was coveted widt mii>ttrtJ oil (2 drops) to prevent evaporation. 
lljerroc^cKn^ and fluorescence roeasurcment i»-ere started st- 
multancously. A time-base <t».tt with 'a 10 second integradon u?ne 
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was uwsd and the emission Signal was ratioed to' tbr cxcitatktt) 
iiigtwl to control foe ctoure* i& li^ht-sourcc intensity, {frta.wcrc 
fleeted using the drn3O0Of, version 2.5 (SFEX) data system. 

Wc thAlVK Bob Jonoa For help with Che sptctrofluormctric 
ffKyuuremcnU and HcaihcrhcU Fong for editing this maniucripL 

1. M«)^ K„ Fatooti* F., Stf»r<, 5„ Sa&i, R.. Hwi, C. and Eifidk. H. 
)ftf». Specific enzymatic amtoJtficukn of DNA m vihv: The pplyraer- 
nx cham rcacticm. 51;263-275. 

2, Whit*. T- J., Arnhcim, KL and ErHdi, H. A. Thr polymerase 
chain rcuctfem. Trends Genet. 

3. Edkti, K, A., Getfand, D. and Sninsky, J. J. 1991 . Recent sdvancca in 
tht polrmertse chain reaction. Science tW; 1643-165 1 . 

4, Sato. R. K.« Cclfand, p. H. f St«ff4. S , Schsrf, S. J„ Hreudu, fc^ 
H«ro, a T., MuDiSv K. B. *nd Erlich, H. A. Fnmcr-dircacd 
*aym»tk amplication of DNA wfcb * thcr*JOitabte ]>NA «?Jrawr. 
i*e. Science l9fe4#M91. 

$. It K, Wabh, P, Uvanwu, C.H. and ErficH, H, A. 1989. 
Ccnetk ooaJMls «f amplified &NA with immobilized scqireoctsspcdlk 
oJigofiuckotKic probe*. Proc Natl- AcwL 8d USA £&62*0-6&4t 

6, Kwolu S, V.. Mack. XX H., MuHu, K_ !>wc*z. B J., Ehrffch. C. D„ 
Wair. D, And Friednutn-Kien, A, S. X W, IdentifcitKm <rf human 
jnuntiitodcRciecKy virus sequences fey lifting in w&v ciu vmaifc ample* 
flcatipn nod oligomer cleavage detection. J. VlroL 61:]£9<M&K. 

7, ChehM*, F. F, Dctforty. M„ Cfci, S. P... Kan, Y. W., Cooper, S. and 
Rubin, K. M, 1987. Detection of ridtie anemia and thahsftctnUt 
NrtMre tfW:2fl3-»4. 

8, Horn, C. T_. WduT^ B, and Khvkfrr. JL W. 1*89. AmpJificaoon of a 
highly polymorphic VNTR segment Wthc polymerase chain ruction- 
Hue Acfcb Kex. Ifc?l40. 

Kitt, E. D. and Dong; M. W. 1990. Rapid *Dal)*i* Ajjd purifcaftm of 
po)ymc«*c chain reaction product* .(wlngh-pcrfonnanoc liquid cfaitn 

1Q. HdRcr, D/N^ Cohen, A.S. and Kargcr, B. U 1990. Scparattob of 
PNA rftunction fragttt^nbt hy high pcrformacce ckpillvTdkxtropbo- 
rotld wfah km and zero crosaIlnk«d palyacryUmidc Ofing coftbevunus 
wd poised dctufe flckU. J. C3iromflto«r. 

U. Kwok S, Y. aotd Higucht, ft. 0- 1989. Avoiding 61m pashm* with 
PGR. Nfttutt S*9»W-*38- 

12, Cfa^hab, P. F. nod Kan, Y. W. 199^ Dctcaknt of spodftc DNA 
^e^ucitccs br fiuorcscracc Amplincition: a cobr comptaoicoiatfoo 
mr. Prw. N^U. Acad: Sd. U5A »i917S-9182. 

13. HoDimd^P.M, Ahpmwa, R. P., Waaoo. g. and Oetfsnd, D.H. 



199L Deletion of Kpcdfic potym«rase chain reacixoti nmHu- ^ 

poiynx=n*w^ Proc Nad. Acad- Sd. OSA fe:7276-7m/ A 
14, Marlc*riL% J., RMpjca, B. P. and UIVc^ J. ». imEd^ Mdiltt _ 

^yJbidolc with aynthctk polynucleotide. Nuc A«^R^ 

lfi- 5carlc» M.S. and Embrcy, K.J. 1990. S«turn«^pcdfl c itrto-^i^, Ar 
Hoe«f« 33258 wilb the minor groov? of an ^u££££^f 

W^MT^ ^ " Mian h? ^ NMR s P cartK °W- ^ A^ 

Arniwmi, Jy 1988. AinpK6catroo aitd anal)^ of DNA^t^etln 
^oe)e humarr xpCTTD aod cfiphnd cells. Natnir Wfli4l4_ii 17 
18- Abbott ». J.» Byrne, B. C. Kwol, S. Y. t s^ kv t r 

asid Erikh, H. A. 1988. Etnyrartic gene ampfificatfoo: qii^J: i± 
quaniiuCxvoiBcthods for detcaiog pi o u uv) DNA atnpEfi^ ^ • 

19. Siiki, U. Buftawan. T. L., Horn, O. MuHbv K-B at«3 cw^h 
tt.A. 198G. Analvris of cnzjuuitically amplified p-rtfobb, aWd 

20. Ko«ii, & O. Dohetty, M- awd Gitscbicri J. 1967. An hnbrovftl 
method fw. jHTiiataJ cUagpoiu of ^draaaa by ^ 

■9ML 



amplified DNA sequences. N. Engl. f. Med, 317:985-1 
21. p.Y„ Ugoacpti, U Prt, B.&. Rod Wallace, H». lM $ Allck, 
ipocUic en^jT^Uic araptifcatkm of p-^tobin eeoomic DNA for dbo- 
ww» of aldck ted anemia, Proc Natl Acad. ScL USA «&2757^?tS" 
W. Kwot Kctipor, D. E.» McRinoey, N** $oasic. D M iliS* 
sonr.C and SoioSRyJ. J. 1990. tlfccUof primcr-towptrtc 
on the po»ynnwa»c rfw.m reaction: Haatan utotinuy^dcfici^. 



irpo 1' TnodcJ Kvd&ci. Nvc. Adik Ro*. 1 8:999-1 005, 
23. Chou, Hmscfl, *L. Birch, D M Raymond J. and Blot* w. 1999 



PivfiaHtoo. of pre-FCR mss-i 
ptorci tow^opy^nuDibcr ampl 
24. riigwcji?, R, 1969. Using PCR to enfiuwer DNA, p. $u*jn r w . 
T«hnofogy. H, A. Ertich (Ed^. SioclW Press, NeV VorkK y 

j.R and W^nJ^W X. 1991. A h^t^^^^ 
aHtcanfltron of the pofytoenue ch^in rcactton. Btotcduudu^ 10tI92- 

26. Tunosa, N. ^nd Xaknv >*. 1989, Fluorescein ELV icreeninsr of 
monocfona] aniflwdic* to cdl surface ant%«fK. J. Iuimuo. ^fc£ 




IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopotysaccharide 
(LPS) complexed to LPS-8inding-Protein (LBP). The 
concentration of its soluble form is altered under 
certain pathological conditions. There is evidence for 
an important role of $CD-14.with pofytrauma. sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic manner and is therefore of value in 
monftoring these patients. 



IBL offers an ELtSA for quantitative determination oi 

soluble CD-14 in human serum, -plasma, ceil-cul&ire 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit 1 ng/ml 
C V: intra- and tnterassay < 8% 



For more information cad or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J, Livak, Susan J.A. Flood, Jeffrey MarmarO/ William Giusti, and Karin Deetz 
Pcrkln-tUmcr, Applied Htosystcms DivUion, Foster CKy, California 94404 
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Th« 5' HuctaU* PCfc atsay datttctc the 

Accumulation specific PCR product 
by hybridization and cleavage of d 
double-labeled fluoronentc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a r«port«r fluorescent dye arid a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and h«» 
been cleaved by the 5'-*3* nucle- 
o lytic activity of Taq OH A polymerase. 
In this study, probes with the 
quencher dy« attached to an Internal 
nucleotide were compared with 
uruuei with the quencher dye at- 
tached to the * '-end nucleotide* In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3 - 
end nucleotide exhibited a larger sig- 
nal in the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood uf 
cleavage by 7aq DMA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3' -end nucleotide also exhibited 
an Increase In reporter fluor*«cen<* 
Intensity when hybrldUed to a com- 
plementary strand. Thus* oligonucle- 
otides with reporter vnd quencher 
dyes attached at opposite ends can 
be used as homogeneous bybrldlxa- 



f \ homogeneous: asatay for detecting 
tin* M4\*ut nutation of specific 1*CR prod- 
uct that uses a double-labeled fluoro- 
genk probe was described by Leu et aL n> 
The assay exploits the 5' - > 3' nude- 
olyilc activity of Taq l)NA poly* 
intriaat? (7 *' M and fo diagramed In Figure 1 . 
The fluorogem't: probe consist? of an oli- 
gonucleotide with ii reporter fluorescent 
dye, >uk\\ as m fluorescein, attached TO 
lb* 5' end; and a quencher dye, such as a 
rhodamine. Attached internally. When 
the fluorescein Is excited by Irradiation, 
Us fluorescent emission will be 
quenched if the (Inula mini: b close 
enough to be excited through the pro- 
cess c*l fluoresce i u.v energy transler 
(l : l?r). M * w During PCR, if the probe is hy~ 
hridized to a template it i and, Tuq DNA 
polymerase will deave the probe be- 
cause of its Inherent W -v 3' nucleolytlc 
activity. If the cleavage occurs between 
UlC fluorescein and fhodattiinc dyes, it 
causes an increase in fJuotcsvvin fluores- 
cence intensity because the fluorescein 
in no longer quenched. The Increase in 
fluorescein fluorescence intensity indi- 
calcs ihu( the probe-specific PCR product 
has hi*:rj ger tended. Thus, PET between o 
ie.|Mjitei dye and a quencher dye Is criti- 
cal to the performance of the piobe Uj 
the S' uuLleaae PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes/' 0 Because of this, il has beun as- 
sumed that the quencher dye mu»l be 
ul (.ached rtcai the S* end. Surprisingly, 
we have found that attaching a rho- 
Uauiiiie dye ai the 3' cud of a piuhc 



I*CH assay. Vurthr.rmore, cleavage of this 
lype of probe is not required to achieve 
some reduction In quenching. .Oligonu- 
cleotides with a reporter dye on the 5* 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when douoie-s tranced as com- 
pared with sin^le-strandcd. This should 
make it possible to use this type of dou- 
bledabeled probe for homogeneous de- 
tection of nucleic acid Hybridization. 



MATERIALS AND METHODS 

Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidhc was obtained from 
CJJcn Research. The standard DNA phos- 
phors nidi tcs, 6-carboxyfluorcscoln (6- 
FAM) phosphoramidite, n-carboxytet* 
ranicthylrhodamlne sucdnimtdyj ester 
(TAMRA NH5 ester), and Phosphalink 
for attaching a ^'-blocking phosphate, 
were obtained trom Her kin- Elmer, Ap- 
plied blosystems Division. Oligonucle- 
otide synthesis was performed using an 
AB1 model 394 DNA synthesiser (Applied 
Blaster™). rrsmcr and complement 
ollgonucl en tides were purified using 
Oltgu Purification Cartridges (Applied 
Blosystcins). Dwuble-lal»v.Jt:d probes were 
sy11U1e.3b.ed with o-ft\M»labeled phox- 
pltwiaifiidiU: a I (he ,S' ttnd, I AH replacing 
one of tbeT's In the sequence, and I'hos- 

phalink at the 3' end. Following de- 
puJtttttlun and ethimol precipitation. 
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Polymerization 
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Strand displacement 
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FlCURt 1 Diagram of 5' nuclease assay. Stepwise representation of trie 5' -» 3' micieolytic ac- 
tivity of 7fc<? UNA polymerase acflnf: on a fluoruKcnic probe OurJiiK one extension phase of I't^K. 



mM Na-blcart>onatc buffer (pi J 9.0) at 
room temperature. Un reacted dye wns 

icmuvtrv] by p«i»»age ovtri a PD-10 Scphti- 

dcx column. Finally, (ho double-labeled 
probe wb» purified by preparative hi^h- 
performancc liquid chromatography 
"(IJPUy using an Aquaporc C„ 22*>x4.o- 
mm column with 7-p.m particle size* The 
column waA developed with a 24*mln 
linear gradient of 8-20% ucctonitrllu in 
0.) m TEAA (tricthylamlne oeetate), 
Probes are named try designating the se- 
quence from Tabic 1 and the position of 
the IAN--TAMKA molery. For example, 

probe Al-7 has sequence Al with fJVN- 
TAMlsA at nucleotide position 7 from the 
5' end. 



PCR *y>icm> 

All PCK amplifications were performed 
in the Perkin- Elmer CcneAmp PCR Sys- 
tem 9600 using 50-pJ reactions thai con- 
tained 10 him Tris-HCl (pH o\3), SO him 
KC1, 200 u-m <tt'iT ( 200 »im dLTP, 200 u.m 
dGTP, 400 jj*m dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Pericin*E)mer), 



gene (nucleotides 2141-2435 in the se- 
quence of NoMlma-Il|lnia ct al.) (7J was 
amplified usluft piiiiie» AIT and AKP 
(Tabic 1), which are modified slightly 
from those of du Drcutl et ah (m Actln am- 
pliftcotion reactions contained 4 niM 
MgCUa, 20 ng of human genomic ]>NA, 
50 nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was SO^O 
(2 mln), O.W (10 mln), 40 cycle* of WV. 
(20 aec), 60°C (1 mln), and hold et 72*C 
A fl1S-np segment was amplified from a 
pJasmld that consists o! a segment ol X 
UNA (nucleotide* 32, 2ttW 2,747) in- 
serted in the Sma\ site of vector pUCl 19. 
TJivse reuetium t:untulnt:tl 3.5 inn 
M$;< l\ 2l 1 n fi of plusinid DNA, SO riM P2 or 
PS probe, 200 «m primer Pit 9, arid 200 
tiM pi unci R119. The thermal reft) men 
W«« SOX (2 rnin), 95*C (10 mln), 26 cy- 
cles Of 9$*C (20 9cc)# 5rC U mln), omi 
hold at 72 e C 



f lunrvKencr Detection 

For each amplification reaction, a 40-uJ 
aliquot of a sample was transferred to an 
Individual well of a white, 9&w«ll micro* 
titer plate (Perkin-lUmer). Fluorwence 
war* measured on the Perldn-KImer Taq- 
Man LS-SOU System, which consists of a 
luminescence spectrometer with plaie 
reader uAcmbly, a 4B5-nm excitation fll* 
ter, and a Miwim emlsAion filler. Fjcclta. 
tion was at 4&8 mn using a Vnm slit 
width. Emission was measured at 518 

nm for 6-l ? AM (the roporlcr or H value) 
and nm for TAMliA (the quenche* or 
Q value) uiing a lO-nm sUt width. To 
determine the InLicaic in lcpuitei emis- 
sion that \x caused by cleavage of the 
probe during POR, three normalisation* 
a ie applied lo the raw emLsMon data. 
J-'irst, emission Lntcnslly of a buffei hlnnk 
Is subtracted foi each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 


Scqucncea of Oligonucleotides 




Name 


'*ype 


Sequena*. 




piiniL*r 


ACXXACAGCiAACTOAl CACCACTC 


H119 


prlmvT 


A'lxrrca cxrrrcxxK5crr.Acxmm ac 


pa 


probe 


*l CGCA*! *J^C 1 0 A'lXXi' I TtJCCJAACCACTp 


j»2c: 


complement 


ciAcrccrrcc;cAA<x;ATGAcrrAATccr 1 Ai i C 


PS 


probe 


C(JOA*iTrGcrCjO-rAicrATC^xi\AccAiv 


T5C 


compioiMcut 


TlC>TCCrrTGTCATACAlACX::AOC> l AA'l^ 


AH* 


prime/ 


TCACCCACACTGTGCCCATCTACOA 


ARr 


primer 


CACiCXJUAAt It XiCTC AITCKX'AATOCJ 


Al 


probe 


ATGCCCItXXXX^TG CCAlCCiX^OO 


Al^ 


complement 


A(L\tx;iiit;tjA'ix;<:iJVTt;t;c:cx;At;(:7jcu'rAC 


A3 


piobc 


CGCXXrrGCACl'rCCAOCAACAOAli. 


A3f^ 


cuniplenicut 


Cr>TCTCnTOCrCQMGTCCAnfiGCGAC 



For each ollgonuclcotitle used in Ihfc Mudy, the nucleic acW scqucnti' h \$wn t written in (lie 
5' > V direction. Thtie are three typca of oligonueicotidc3; TCR primer, fluoro^enJe probe used 
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Prob* 
A1-5 

A1-14 
A1-19 
A1-22 



A1-2 

A1-7 

A1-14 

A1-10 

A1 -22 

A1-S6 



51B nm 



682 nm 
no Ump. ■* t»mp. 



no- 



ro* 



2*5 tL 2.1 32.7 * 1,0 39.2 K 0.0 36-2 i G.O 0,G7 * O.Ot 0,60 i COG O.10 d 0.06 

M.Ci4.3 306. 1*21,4 10e.&*64 110-3:*S.3 040*0.04 3.56*0-17 3X0*0.18 

127.0*4.0 403.S* 100.T±&.3 1.16 i 0.02 4,34iO.!5 3.184 O.IS 

107.t*1^.0 7.7 70.3:17,4 73.019,0 3.67 a O.OS 6.00 A 0,1 C 3,13 3 0.16 

224.G J 04 48C,L» £ 43*8 1O0.0 ± -4.0 1 0.0 ££G i 0.O3 5.02 1 0.1 1 £.77 1 0. 1 2 

1 60 .£ J 0-3 464.1 1 1 A W./ ± UX \.fc± V.Wd b.Ul ± U,01J 3£V ± 0.08 



FIGURE 2 Results of 5* uuclcaoc *»»<iy tt»in|>ariti£ p-^Uji probci with TAMRA at different nude 
utkle positions. As described In Materials and Methods, w *Jt arnpliftcailonK containing the In- 
dicated probes were performed, and the fluorcatcncc emission was measured at 51 8 and 562 nm. 
Reported value* are the avcra&c:r 1 s.Dt for six reactions ron without added template (no temp.) 
ami six reacilons run with template ( i temp,). The RQ ratio was calculated for each individual 
reaction and averaged to give the reportecTRQ" end HQ 1 values. 



divided by the emission intensity of the 
quencher to give an RQ ratio fur each 
reaction tube. This normalizes tor well- 
to- wen variations in probe concentra- 
tion and nuorescence measurement. J 7 n 
1 nally, ARQ Is calculated by subtracting 
tnc KQ value of the no-template control 
(RQ**) from the RQ value for the cuuv 
plcte rcaoion including template 
(RQ ' ), 

RESULTS 

A senes of probes with Increasing dis- 
tances Derween the fluorescein reportci 
and rtiodamtnc quencher were teheed to 
investigate the minimum and maximum 
spacing that* would give an acceptable, 
performance in the 5' nuclease l'CK as- 
jay. Tnese probes hybridize to a target 



.sequence in the human |i-actin grnr.. 
Fl^uic 2 shows the results of an experi- 
ment in which these probes were In- 
cluded in r*0R thai amplified a segment 
of the p-artlii Rr.iiK containing the Ulgct 
scquci i Peifwimaiice hi the S' nu- 
clease PGR assay h ninnltured \jy the 
magnitude of AUQ, which Iva measure 
of the increase In reporter flwrwunw! 
caused by PCR amplification of th« 
probe target, r*rol>eAl-2hava ARQ v*luf 
that is close to rero. Indicating that the 
probe was not cleaved appreciably dur- 
ing the ainphflcalhui revdioii. Tliih sug- 
Kcab that With the quencher dye on fchtf 
setuiid nuclcotlcic from the .V cnd f there 
Is Insufficient luuiu foi Ttitj polymerase 
to cleave efficiently between the reporter 
and quencliei* The other five probes tx- 
hiblted comparable ARQ values thai are 



clearly different from zero- Thus, all five 
probo arr being cleaved during VCM am- 
plification icNuKiiiK hi a similar Increase 
111 icportcj' fluvi^sceJiee. It should be 

noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Pigure 2 (data not shown). Thus, even 
in reactions where amplification accurst, 
the majority of probe molecules remain 
unclcaved. It Is mainly Tor this reason 
that the fluorescence Intensity. of the 
quencher dye TAMRA channel HUle with 
amplification of ihc targpj. This Is whai 

allows us to use the &52*nm fluorescence, 
reading as a normal! Ration factor. 

The magnitude of RQ" drp^nds 
rnolnly on the quenching efficiency in- 
herttm in the specitic .structure ol the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ" values Indi- 
cate that proDes AM4, AJ-19, Al-22, and 
Al*26 probably have reduced quenching 
as compared with Al-7, Still, the degree 
of quenching 1ft sufficient to detect a 
highly significant Inercoiw In reporter 
fluorcActncc when each of these probes 
id cleaved during PCU. 

To further investigate the ability of 
TAMRA on the V end to quench fl-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5* nuclease 
PCR assay. Tot each pair, one probe has 
TAMRA attached to an internal nude- 
wild* and Cl 4 e othei has TAMRA attached 
to the 3 f end nucleotide, The results arc 
shown in Table !£. Kor all three sets, the 
probe with the 3' quencher exhibits u 
&RQ vaiuc thai is considerably Jjifihci 
than f</r the probe with the internal 
quencher, The RQ" values suggest t^n* 
differences in quenching arc not hs fjrnut 
as those observed with some of the Al 
probes. These results demonstrate ihat a 
quencher dye on the 3 # end of an oligo- 
nucleotide can quench efficiently the 



.TO 



TABLE 2 Results of S' Nuclease Assay Comparing Probes widi TAMRA Attached to an Internal or 3'-tern)inurNuclcotide 



518 nm 



582 nm 





Probe 


no temp. 


4- temp. 


IK) Uuilp. 


+ lemp. 


HQ 


RQ' 


A HQ 


a'.: 


A3-6 
A3-24 


54.6 i 3.2 
7t.\ ± 2.9 


84.8 = :i./ 
236.5 ± 11.1 


116,2 s. 6,4 
M2 + 4.0 


17S.6J.2.5 
90.2 3.8 


0.47 a. 0.02 
0.86 a 0.02 


0.73 4 0.OH 
2.62 ± 0.05 


0.20 £ 0.(14 
1.76 ^0,05 


ied 
the 
ill. 


17-7 
1*2-27 


S2.8 2- 4.4 
113.4x6.6 


3B4,0± 34.1 
555.4 ± 14.1 


iuy) X 6,4 
140.7 + 8.5 


120.4 =r 10.2 
118.7 2:4.8 


0.79 i 0.D2 
031 ± 0.01 


3.19 * ai6 

4.G& ± 0.10 


ZAQ * 0.10 

3,ee r o.io 


I'S-IO 


77^ ± 6-5 
64.0 ± 5.2 


244,4 x 15.$ 
333.6 ± 12.1 


86.7 A 4.3 
HM.6 ± 6J 


9S-8 6.7 
94.7 Z G»t 


0,S9 * 0.05 
0-63 ± 0,02 


2.55 ?. 0.06 
3.53 jt 0.12 


\M ^ 0.08 
289 i 0.13 








ri,un.i«nons were oerformcd as described In M«t«ioJ ««.d McU\e»ds and in the legena to n& a 
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fluorescence nf a reporter dye on the 5' 
end. The degree of quenching Is sufil* 
ciGiit [ur Oiio type of oligonucleotide to 
be used as a probe in the X' nuclease PGR 
assay. 

To test the hypothesis that quenching 
by a .V TAMRA depends on the flexibility 
of Oig oligonucleotide, fluorescence was 
Mcduiiari fur probes; in the Single- 
stranded and duuble stranded states, To- 
ol* A reports the fluorescence observed 
at $18 and 582' hm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. Vor probes with TAMRA 
MO nucleotides from the S' end, there 
Is little difference In the KQ values when 
comparing sing)e*$trandttri with double- 
stranded oligonucleotides. The results 
for probes with TAM&A at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic Increase in HQ, We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
Stranded UNA, which prevents the 5' 
and 3' ends from bein$$ in proximity. 

When TAMRA is placed toward the 3' 
fend, there Is a marked Mg a< effect on 
quenching, Figur* 3 shows a plot of ob- 
served HQ values for the Al series of 
probes as a function of Mg 2 "* concentra- 
tion. With TAMRA attached near the 5' 
end (probe A 1 -2 or Al-7), the UQ val ue al 
0 niM Mg 2 " is only Slightly higher than 
RQ at 10 him Mfr'. l'or probes Al-19, 
A) -22, and AU26, the RQ values at 0 uim 
Wig 9 " 1 are very high, Indicating a much 



reduced quenching efficiency* For ench 
of these probes, theie Is a marked de- 
crease in HQ al 1 ?nM Mg ? * followed by 
u gradual decline as the Mg p 1 tvnteii- 
trution increases to 10 TOM, Piubi* A3 -14 
shows nn intermediate RQ value at 0 iqm 
M$ 7 * with it gradual decline at higher 

Wfi 7 "* COiKeiiualUms. In a low-sail en- 
vironment with no Mg 2 * present, a sin- 
gle-stranded oligonucleotide would he 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 4 * Ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oiigoitucie,- 
otlde can adopt conformations where 
the :V end is close to the 5' end, There- 
fore, the observed Mg 2 ' effects support 
the notion that quenching ol a 5' n> 
porter dye by TAMRA at ur near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
H jeems the rhodamine dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-l ; AM) placed at 
the 5' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must bo able to adopt conforma- 
tions where the TAMRA Is close to rhc 5' 
end. U should be noted that the decay of 
6-!'AM in the excited state requires a cer- 
tain amount of time. Therefore, what 



matter* for quenching uul the average 
distance between 6*1 AM and TAMRA 
but, rather, how ciose TAMKA can get lo 
6*FAM during die lifenme Of the 0-hAM 
excited state. As long as the decay time nf 
the excited state is relatively long com- 
pared witn the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the V end because TAMRA Is In 
proximity to 6>AM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example. Ta- 
ble 3 shows that hybridization of probes 
A1-2C, A3-24, and PS-28 to their comple- 
mentary strands nor only causes a larjjc 
increase in 6*fAM fluorescence at 518 
inn but also causes a modest Increase in 
TAMRA fluorcscc.net 1 at 582 nm. H 
TAMRA Js being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease In the fluores- 
cence emission of TAMRA. the fact that 
the flnoxescencc emission of TAMRA in- 
creases indicates that the situation Is 
more complex. For example, we have an* 
ecdoial evidence thar the bases of The 
oligonucleotide, especially Ci, quench 
the fluorescence of both 0-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
o->AM in an Intact probe is the TAMRA 
dye. Kvldencc for Die importance of 
TAMRA is thai 0 FAM fiuimtNcencc 
remain* relatively unchanged when 
probes labeled only with 6-PAM are used 
in the &' nuclease l'CR assay (data net 
shown). Secondary effectors of fluores- 
cence, both before and afiei cleavage of 
the probe, need to he. explored further. 

Kegardless of the physical media* 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
PCR a<tnay, There are three main factors 
thai determine the performance of a 
double-labeled fluorcsecnt probe In the 
V nuclease PCR assay. The first factor is 
the degree Of quenching observed In the 
intact probe. Tills b characterized by the 
value of RQ' , which Is the ratio of re- 
porter to quencher fluorescent cmis 



TAULC 3 Comparison of Pluoi cAccn<e Eiuiwtuus t>f .single-stranded and 
Double-*ir*ndcd Fluorogenlc PiobcN 



51« nm 58? nni RQ 





S9 


ds 


99 


Us 


*S 


ds 


Al-7 


27.75 


68..V1 


61.08 


1.?ft.1A 


0.4S 


0.50 


Ab26 


43.31 


509.3B 


$3.50 


93.86 


0.81 


5.43 


A3«6 


16.7S 


62.88 


39.33 


16S.57 


0.43 


0.38 


A.V24 


30.05 


578.64 


07.77. 


140.25 


0.45 


3.21 




35.02 


70.1.1 




121.U9 


0,64 


0.58 


T2-27 


39.ft9 


320,47 


65, 1U 


61.13 


0.61 


5J25 


rs-io 


27.IM 


144.85 


61,^5 


165.54 


0.4* 


0,87 




3X65 


462.29 


71.39 


!04,$] 


0.46 


4.43 



<ss) single-stranded* 'Jne fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of SO nM indicated probe, 10 mvt Tris-I fCI (pH 8,3), SO m*i KCl. and 10 rt)M MgCl^. 
(ds) Double-stranded. TTiw solutions contained, in addition, 100 nM AlC for probes A 1-7 and 
A)*ZG. 100 iui A3C for probes A3-6 and A3-24» 100 nM \*2i for prnlM's 1^7 and 1*2-77, or 100 nM 
PSC fur probes KV10 and pa-2h. Hcforc mc addUJon of YA&Ay, J vA ot edd* suitinte was heated 
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f ICURE 3 Klteel <!»f Mg Ki dAiicc.nl rati on on RQ ratio for the Ai seriex of probes. The fluoroctfic* 
emission Intensity at 518 and 582 nm way measured for solution* containing 50 nM probe, JOmM 
TrU-HCl (pH 6.5), 50 mM KCi. and varying amounts (0-10 nm) of MgCl 2 . Ibe calculated RQ 
/atlos (536 nm Intensity divided hy .S82nm inti'mily) art- plotted VS. MgCI. A concentration (mM 
Ms)- 'Hict key {uyjttt tighi) alu>w» the pi ninth cxaiuiui^l. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
ulhei faciui* ilia t irduce flexibility uf 
the oligonucleotide, and purity of the 
probe. The second factor is the. efficiency 
> \tf hyhiidbalion, which depends Oil 
probe T mf presence of secondary Mruc- 
turc In probe or template, annealing 

• temperature, and other reaction condi- 
tions. The third factor Is the efficiency at 

* which Taq DNA polymerase cleaves the 
, bound probe between the reporter and 

quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
Ihe observation that mismatches in the 

segment between reporter and quencher 
dyes drastically reduce the cleavage, of 
probir. (1) 

The rise in RQ values for the A J se> 
ncs of probes seems to indicate that the 
degree of quenching ts reduced some- 
what as the quencher is placed toward 
the 3' end 'l he lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA Is at the 3* end (Ai-2b). I rm is 
■understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than . Is an interna Uy placed 



probes, the interpretation of RQ. values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobc having a laiger RQ than the .-In- 
ternal TAMRA probe. For the f'2 pah, 

both pr»ht*s have about the same RQ" 
value. For the PS probes, the RQ for the 
3 r probe is less than for the Internally 
labeled probe. Another factor that may 
explain some of the observed va nation w 
that purity effect? the RQ" value. Ai- 
i hough all probes arc HPLC purified, a 
smnll amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect <m degree of quenching, the posi- 
tion of the quencher apparently urn 
have a large effect on the efficiency of 
pi'obc cleavage, The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide cr.diu.es the efficiency of cleav- 
age to almost zero, f or the A3, 1% and PS 
probes, ARQ Is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. Tills Is explained 
most easily by assuming tlmt piobos 
with TAMRA at the 3' end ore more likely 
to be cleaved Iwtweeji Kqxniet and 
quencher than are probes with TAMRA 
attach ed internally. Vor the Al probes, 
the cleavage efficiency of pTobe Al-7 
must already be quite high, as ARQ docs 
not increase when the quencher is 
nUrpri rto^or tn thn ,V end. This illus- 



trates the important nf bring able to 
use probes with a qufcnchor on the '.<' 
end in the S' nuclease PCR ar;say, In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe Is cleaved between (lie 
reporter and- quencher dyes. By placing 
the lupurtur at id quuuclun dyes on the 
opposite end* of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher Is uttuched 
to uil Imurnal nucleotide, ttometlmt-s the 
piobe work* well (A 1-7) and other Utiles 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe Ic being cleaved 3' to 
the quencher rather than between the 
rpporipr and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the V nuclease VCR assay is to use 
a probe wirh the reporter ond quencher 
dyCs on opposite end*;. 

Placing the quencher dye on the 3* 
end may also provide a slight benefit In 
terms of hybridisation efficiency, 'I "he 
presence of 0 quencher attached to an 
Internal nucleotide might be expected to 
dlirupl base-pairing and reduce the: T n) 
of a probe, in fact, a 2 n <WA"C reduction 
In T m has been observed for two piobcs 
With internally aLUdted TAMKAs.' g * 11 us 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with y quenchers might exhibit 
slightly higher hybridisation efficiencies 
Ihuil probes with intern*] qucnchei*. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3* quenchers probably 
will be more tolerant of mismatches be- 
tween probe ond target as eompnred 
wild internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCK-amplificd products 
from *jimplt?» uf differ enl species. Also, U 
means that cleavage of probe durl ng PCR. 
Is less sensitive in altcniUoii* in an* 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Ue 
ct al. (1> demonstrated that aliele-speciflc 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target- This al- 
lowed them to distinguish the norma) 
human cystic fibrosis allele from the 
AFSOB mutant, Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Kffect of Mg* 1 concentration on RQ raito for the Al series of probes. The fluuraraiiice 
emission intensity at 51 ft and 582 nm was measured for solution:* containing SO dm probe, JO mM 
Trift-lia,(pH 8.3), 50 rnM Kd, and varying amounts (0 10 mM) of MgCI* The calculated RQ 
ratios (si a nm Intensity divided by 5HZ nm intensity) arc plotted vs. MgCl a concentration («im 
Mr). The key (upper ri$ht) thows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence »t structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is tnc efficiency 
of hybridization, which depends on 
probe 7 m , presence of secondary struc- 
ture In probe or template, annealing 
temperature, and othcT reaction condi- 
tions. The third factor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
cryct drastically reduce the cleavage of 
prohe. <l> 

The rise in RQ values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some* 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench* 
ing is observed for probe AM 9 (sec Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al*26). This is 
•understandable, as the conformation of 
the 3* end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than Is an internalJy -placed 
quencher; For the other three sets of 



probes, die interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" trum the iu- 
lernai TAMRA probe. For this 92 pair, 
bod) probes have about the same RQ 
value. For "the PS probes, the RQ' for the 
3' probe is less than fw the intently 
labeled probe, Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ" value* Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu* 
cleotlde reduces the efficiency of cleav- 
age to almost zero. 1'or the A3, P2, and P5 
probes, ARQ Is much greater for the 3' 
TAMRA probes as compared with the in* 
temal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al~7 
must already be quite high, as ARQ does 
not Increase when the quencher Is 
placed closer to the 3' end. This lllus- 
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tratOi the importance of beJnfl ahle to 
use probes with a quencher on the 3' 
end In the V nuclease I'CK assay, in this 
assay, an increase in the intensity of r* 
porter fluorescence b observed tmly 
when the probe Is cleaved between the 
reporter and quencher dyes. Ry placing 
the reporter and quencher dye* on the 
opposite ends of an oligonucleotide 
probe, any deauuuv thai occurs will bv. 
detected, when the quenchar ix attached 
to an Inlc-iual nucleotide, ttrinciiiiios the 
probe works well (A.l-7) and other times 
not so well (A 3-6). 1*ho relatively poor 
performance of probe A3-6 presumably 
means the probe is beiru{ cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Thtir«tore r the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3* 
end may also provide a slight benefit in 
terms oi hybridization efficiency. 'I he 
presence of a quencher attached to an 
internal nucleotide atifthL be expected to 
disrupt base-pairing and reduce the T rt 
of a probe. In fact a 2*C-3«C reduction 
in T m has l>ecn Observed for two probes 
with internally attached TAMRAs/ 9 ' This 
disruptive effect would be minimised by 
placing the quencher at the 3* end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cJeav. 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amp)ified products 
from samples of different species. Also, It 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage Is for alleilc discrimination. Lee 
et al/** demonstrated lhat ailclc-speclhc 
probes were cleaved between reporter 
and quencher only when hybrid ized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF5Q8 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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ih*» V end and vwo designed so that any 
mismatches were between the reporter 
arid quencher. lncre&»ln& the distance 
botwacm reporter and quench or would 

lessen llm disruptive effect of mist- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher Attached to an internal 
nucleotide may still be ucofui for allelic 
discrimination. 

In this study lost of quenching upon 
hybridisation wnj used to show that 
quenching by a 3' TAMRA in dependent 
on Or* flexibility of a sinjilevttranded oli- 
gonucleotide. The Increase in reporter 
fluorescence intensity, though, could 
alto be u*ed to determine whether hy- 
bridization has ocuirrixt or nor. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite end* 
should also be useful as hybridization 
probes. The ability to delect hybridiza- 
tion In real urne means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
isation assay? for diagnostic* or other ap- 
plications. Bagwell Ctal, U0) describe just 
tills type of homogeneous assay where 

hybridization of a probe caustr* an In- 

cross e in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both end* of the 
probe sequence to form two imperfect 
hairpins, the results presented h«e 
demonstrate that the Mmple addition of 
a reporter dye to one end of an oligonu* 
clsotlde and a quencher dye to the oiliei 
<»nd generate* a fluorogonlc probe that 
can detect hybridization or i'CK amplifi- 
cation. 
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Wc have developed a novel "real time" quantitative PCR method. The method measure* RCR pi^nrt 
ic^m^dM though a duarttetal fluorosenic probe (Lc, TaqMan Prob* This method PJjW« W 
accurate and reproducible QuanlUation of ftne copies. Unlike other quantitative PCR ^^^IJSS 
does nor require poa-PCR sample handling preventing potential PCR product arry-ovcr contamination and 
esultin* Staler and higher throughput assay, The real-time PCR ** h ^^^ 
range of starting target molecule determination (at Wast five orders of magnitude). Real-lime quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had an important role in many fields of biologi- 
cal research. ■Measurement of geiie expression 
(RNA) has been used extensively in monitoring 
biological responses lo various stimuli (Tan et ai* 
1991; Huang et al. 1995a,h; Prud'hommc et al. 
1995), Quantitative gene analysis (DNA) has 
Ihcii used to d«i ermine ih<! geTUllUV quanliiy of a 
particular gene, as in the case, of the human HIIK2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon et al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(iUV) buTdcn demonstrating changes in the lev- 
eis of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak et al. jvv:sti; 
1-urrado et ai, 1995). 

Many methods have been described for the. 
quantitative analysis of nucleic acid sequences 
(both fur RNA and DNA; Southern VJ/b; Sharp ct 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made. |>os- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a jsoworful tool it is imperative 



that H be uavU properly for quantitation (tta«y- 
maekm 1995), Many early reports of uuantila- 
tivc: l'CR and RT-PCR described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity. It is essentia] to design 
pro]>cr controls for the quantitation of the initial 
target sequences (Fcrrc 1992; dementi ct al, 
1003) 

KvNft'irchers have developed several methods 
of quantitative PCR and RT-PCR, One approach 
measures 1>CR product quantity in the log phase 
of the reaction before the plateau (Kellogg <rl al. 
1990; Pang et a). 1990). This method requires 
thai each sample has equal input amounts of 
nucleic* add and that each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
ii\\<&, such as p-aclln) on be used for sample, 
amplification efficiency normalization. Using 
conventional methods of PC'U detection and 
quantitation (gd electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are. analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ-RCR, has been developed 
and h used widely for PCR quantitation. QC-I'CR 
relies on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Hatak et al. I993«,b). The ctfictancy of each re- 
action is normalised to the internal competitor. 
a ifnnwn amount of internal competitor £an be 
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added to each sample. To obtain relative nunnU 
ration, the unknown target PGR product is com- 
pared with the known competitor iK'M product. 
Success of a q u a n 1 1 1 a ( I vc eoi npet i t ive PCU assay 
relies on developing an Internal control that am- 
piinva with the same efficiency as the angel 
cculc. TJlC design of the coiupctJtoi and the vali- 
dation of amplification efficiencies, jequirc a 
dedicated effort. However, because QC^PCR dws 
not require that PC-tt piiKluCts be analysed during 
the log phase of the amplification; it is Out easier 
vf (he two methods to use. 

Sever;! I detection xystei£i> wic uwd fcii quan 
Utative l'CR and RT-PCU ana lysis; (1) agarose 
gels, (2) fluorescein labeling of PGR products and 
detection vri[h laacTr-iiuliiccd fluorescence using 
capillary elcctruphoTcrtis (hasco et ah I99$ t Wil- 
li eims et at. 1 996) or aery 1 amide gels, and (3) plate 
capture and sandwich probe hybridization (Mul- 
der et ai. 1994). Although these ijicOkhI.n proved 
Successful, each method requires post -PC R ma- 
nlpulaTlons rnat add time to the analysis and 
may lead to JabufaUny i onlitiniiiation. The 
sample throughput of these met hud* i.s limited 
(wiUi I he exception of the plate capture ap- 
proach). « ml, therefore, these methods, ore not 
well >uited ftu u>o dvmandln^ high sample 
throughput (I.e., screening of large numbers of 

hlomoltt.uIc:t oi aiialy/.lng rWunplira fui diagnu** 
lie* or clinical triads). 

Here wv report the development of it novel 
unsay for quantitative TWA analysis. The assay is 
Iwjed on the u.tr.-of the 5' nuclease a:way first 
described by Hollund et al. (1993). The njcthod 
u.se$ the 5' iiuclca.ic activity of 7Vi</ polymerase to 
cleave a n on extend I hie hybridization probe dur- 
ing the extension phnsr of PCU. Th« approach 
uses dual-labeled fluorogenic hybridization 
probes (Lec ct ah 1 !>i>3; Howler et a). 15>W; Uvok 
et ah 199£a,b). One fluorescent dye »ervv.s us a 
reporter |FAM (i.e., 6^c»rbo^yfluore*vcm)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I.e., O-carboxy-tetrarnethyl- 
rhodaminc). The nuclease degradation of the hy- 
hrtdl/oitlon probe releases tlie quenching of Die 
I 'AM fluorescent emission, resulting in an In- 
crease In peak fluorescent emission at 5Jg nm, 
The use Of a sequence detector (AUI Prism) allows 
measurement of fluorescent Npecira oiall wells 
uf rhe thermal cycler continuously during the 
1*CK amplification. Therefore, the rcuclious aie 
liiouttored in real time, The output data Is de- 
scribed and quantitative analysis uf input target 
1)NA sequences is discussed below. 



RESULTS 



PCR Product Dercalon in R«al Time 

The goal was to develop a high-throughput, sen- 
sitive, « nd accurate gene quantitation assay for 
use In monitoring lipid mediated thttrapeu Tic- 
gene delivery. A plasinid encoding human factor 
VH1 gene sequence, pF8TM (sec Methods), w;is 
used as a model ihcrapeutic gitno. The assay use* 
fluorevceni Taqmait methodology an<l an instru- 
ment capable of measuring fiuorcseence in real 
time (AM Prism 7700 Sequence I>lcrlnr). Hie 
Taqnuin reaction requires a hybridation jirnhe 
Ittlxled wit J J two different fluorettccnt dyes. One 
dye is a reporter dyv (I ; ANd), the otKer is ^ quench- 
ing dye (TAMRA). When the pa»U: \s intact, fluo- 
icaccnl energy transfer occurs and the reporter 
dye fluorescent emission is ubsorbed by the 
quenching dye (TAMRA) . During tlie extension 
phase of the l'CK cycle, the fluorescent hybrid- 
l/Ailon pfohc Is cleaved by the S'-M' nueleolytic 
octivity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
suiting hi an increase of the reporter tlyu fluores- 
cent cmi.iilou *»p*Ctra. VCll primers mid probe* 
were designed ft>» the liuman factor VI 1 J se- 
quence and human p-actln gene (a.t described in 
Method*). Optimization reactions were per- 
formed to choose the wpproprlute probe uml 
•magnesium concentrations yielding the highest 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrumenl uses a 
charge -co up led device (i.e.. CCD camera) for 
measuring the fluorescent emission apeclni from 
fi(X) to G$0 nm. ICach VCW tube was monitored 
sixjuentiftUy for 2S rn.Hve with continuous moni- 
toring throughout the amplification. Uach lube 
was rr.-cx an dncd every fl.5 sec. Computer sof<- 
ware, was designed U> examine the fluorescent In- 
tensity of both the reporter dye (FAM).and 
the quenching dye (TAMflA). 'J'he lluorcsccrtt 
intensity of the quenching dye, TAMilA, changes 
very little over the course of the PCR amplifi- 
cation (data not shown). Therefore, the intensity 
of TAMKA dye omission serves as an i titer nal 
.ilandtird with which to iiumiuHfcc the reporter 
dye (FAM) emission vnriatjoiis. The software cal- 
culate;* u vtilue termed AKn (or ARQ) using the. 
following equation; ARn - (Itn J ) (Hu'), where 
Kn 4 • emlrfstoji inlejishy *>f roporter/emission in- 
tensity of quencher at any given time In a -reac- 
tion tube, and fcu - emission intcmility of re- 
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poncr/cmijwttu) hiumiiv qucudier mcafturcd 
prior 10 TCK amplilication in thnr same reaction 
tube. For the purpose of quantitation, the Usi 
three data points (AKm) collected during the. ex- 
tension step for each PCK cycle wore analyzed. 
The micU'olylic degradation of l tie. Hyurkb*«*tion. 
probe occurs during ihe exicnwun phase or I'tat, 
and, therefore, reporter fluorescent uiiiaMun In- 
creases during this time, 'iiu: ilucc data points 
were averaged for each KJH cycle and the menu 
value for each was plotted in an "amplification 
plot" shown In Figure ] A- The AKn mean value is 
ploiied on the ^axis, and time, represented by 
cycle number, is plotted on the*-axix. During the 
early cycles cjf the FOR a mp)1 ficatlon, the ARn 



value remains at base line When sufficient hy- 
bridization probe has been cleaved by llie Tmj 
ixriymcrosc nuclease activity, the intensity of ro- 
porU-r fJucwrAccni emission iiifrcatteb. PCU 
uinpUn\4dian£ reach u plateau phow of reporter 
fJuureHv.iit emission if the reauliun Is carried onl 
to high cycle nujiilwiN. The amplification plot to 
exam inc. d uuiiy in th« reaction, at a point that 
■ epicsents ilu- lofl phase of product arnnnula» 
tion. This is done by us&ignlng an aibiUa/y 
threshold thai is based on the variability of the 
base-line did*- In Figure. 1 A, the threshold wassci 
ut JO standard deviation* above the mean of 
Via^e line emission calculated froni tydca 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Flaure 1 PCR product detection in real time. (/) The Model 7700 MjUware wilt consiruct amplification plots 
from the extension phase fluorescent emission data collected during the PCR ampllflcaUon. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot. .values are 
calculated by determining the po»m at which the fluorescence exceeds a threshold llmil (usually 10 times ine 
sfandard deviation of the base line). (B) Overlay ot amplification plots of serially (1 :2) ^•^f?'; 
DMA samples amplified with p-actin primers. (Q Input DMA concentration of ^samples plotted j£ 
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the amplification plot crotscfl the threshold" is -de 
fined as C r , C, is reported ua ihe cycle number ;n 
till* potest, A& will be demonstrated, <lu» CI, .valor 
Ik picdlcUvt of the quantity of input target. 

Cr Values Provide a Quantitative Measurement, of 
Input Targer Sequences 

Ptgurc IB shows amplification plot* of 3i»«dirY«s*- 

enl PGR amplifications overlaid. 'i*hc amplia- 
tions were performed on a 3:2 serial dilution 
human genomic PNA. 'J "he amplified target 
human p actln. The amplification plots xhift to 
the right (to higher threshold cycles) na the. input 
target quantity is. reduced, 'live, is expected ho- 
mum nmctloriK with fewer starting capias 1 of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence* An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
detenn i 1 1 e the C val u cs. Figure 1 C reprcs en t s t he 
C r values plotted versus the sample dilution 
value. Each dilution was amplified ir> triplicate 
PC:r amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly with Increas- 
ing target quantity. Thus, (Rvalues can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the is.6'iig sample shown In Figure 
IB does not reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent value than would he 
expected based on the input UNA. This phenom- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under investigation, it is important to note 
that the flattened slope and eariy plateau do. not 
impact significantly the calculated C, value us 
demonstrated by the fll on the line shown in 
Figure 1C. All triplicate amplifications resulted in 
very similar C,* values— the standard deviation 
did not exceed 0,5 for any dilution. This experi- 
ment contain* a > 3 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. oi lluoresccnt in- 
tensity measurement of i he Alii Prism 7700 Se- 
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rmmts Over n very large r;m^«- of relative «t$trMnj>/ 
target quantities. 

Sample Preparation Validation 

Several parameters influence the cfHclenry M f 
PGR amplification; magnesium and sail concen- 
trations, reaction conditions (i.e., time and icm- 
pc.ruture), PCU target size and composition, 
primer sequences, and sample puriry. All of the 
above (actors are common to a single PCK assay, 
except sample to sample, purity, in an effort to 
validate the. method of sample preparation for 
the iactor Viil assay, PCK amplication reproduc- 
ibility and olflclency ol 10 replicate sample 
preparations wen*, examined. After genomic ONA 
was prepared from the TO replicate samples, the 
DNA wasquantUatcd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciin 
gem: content in 100 and 25 nj; of total genomic 
DNA. iiach VCR amplification was performed in 
triplicate. Comparison of G r values for each trip. 
Hcate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Therefore, each ol the triplicate PCM 
amplifications was highly reproducible, denum- 
Slrallng that real time PCk using this instrumen- 
tation introduces minimal variation into th« 
quantitative J'CH analysis. Cmuparison of the 
mean values of the JO replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-actfn gene quantity. The highest C T 
difference between any of die samples was 0.85 
and 0.71 for the ](K) and 25 ng samples, respec- 
tively. Additiona/ly, the amplification of t:ai:h 
sample exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
1>NA target analyzed as indicated by similar 
slopes derived from the sample dilulions (Pig. 2). 
Any sample containing an excess of a VCM inhibi- 
tor would exhibit a greater measured p-actln G r 
value for a given quantity of UNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis {Hg, 2), altering 
the expected C t * value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analysis of a Ptanid After 

7nca no/ vvj RC^fcT 7nr»7/cn/7T 
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Tablo 1. Reproducibility of Sample Preparation Method 



100 ng 



25 ng 



Samplo 

no. C T 



9 

10 

Mean 



standard 
m^an deviation 



CV 



18.24 

18.23 

13.33 

18.33 

18.35 

1*1,44 

18.3 

18.3 

18.15 

18.23 

1&.32 

18.4 

18.38 

18.46 

18.54 

18.<i7 

19 

18.28 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

18.66 

0 TO) 



1W.27 0.06 

ISA? 0.06 

18.34 0.07 

18.23 O.OB 

1U142 0.04 

18.74 0.24 

18.39 0.12 

18.63 0.16 

1B.29 0.1 

18.55 0.12 

18,<12 0.17 



0>32 

0.V 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0,55 

0.65 
0,90 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20,54 

20.6 

20.49 

20,48 

20,44 

20.38 

20.68 

20.87 

20,63 

21,09 

21.04 

21.04 

20.67 

20.73 

20.65 

20,98 

20.84 

20.75 

20,46 

20.54 

20.48 

20.79 

20.78 

20.62 



standard 
mean deviation 



20,51 0.03 

70.^4 0.1 1 

20.54 0.06 

20.43 0.05 

20.73 0.1 3 

21.06 0.03 

20.6ft 0.04 

20.86 0,12 

20.51 0.07 

20.73 0.1 

20.66 0.19 



cv 

0.17 

0.S4 

0,26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.46 
0 



.94 J 



tor con twining a partial cUNA for human factor 
VI] I, pKfjTM. A scries of trtii)yf actions was *ot 
up using a decreasing amount of the plasinid v (40, 
A, 0.5, and O.I u.g). Twiuiiy-four hours po.st- 
trtn infection, total DKA wtt» purified from each 
flask uf eclh. p-Aelin gcutr ^uanUty wa* choxrn n.% 
a value for nor ma I lotion of gnomic DNA con- 
centration from each sample. In this trxpciimcnt, 
[i-acrin gene content should remain constant 
relative to total genomic DNA. Figure* 3 shows lljc 
result of the p-actln JDNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) Ot each sample. Kaeh sample was analyzed 
in triplicate and the mean p-actm Of values of 
the triplicates were plotted (error bars represent 

v-.Mrt f*-*-,«ifl^ri Hnviaiioni I h*» htohpsr nifrrrenrr 



between any i wo sample moans was 0.95 C,-. Ten 
nanograms of total UNA of each sample were aUo 
examined for 0-aclln. lllC results again .slu>wcd 

that very similar amount* of genomic !>NA were 
present; the maximum mean fi actio C;, value 
difference wa.s 1.0. As I'igurc 3 ahows, the rule of 
fl-aetln C r uIkiukv l^-twccn the 100 and 10-ng 
sample* was similar (sJoj>c values rangw l>«twoon 
3.56 <»inJ - 3,45), Thi* vcri/Jci again that ihe 
method of sample preparation yields sajnplo?; of 
identical PCR integrity no sample contained 
an excessive amuunl of a PCR Inhibitor). How- 
ever! these results indicate that each sample con 
tatned slight differences in the actual amount of 
genomic DNA analyzed. Determination of actual 
vununiic DNA concentration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Tabl<? 7 wore also amplified in 
tripicate using 25 ng of each DNA sample. The fig- 
ui<: show* the input DNA concentration (TOO and 
25 ng) vs. C, In ih#« tignt*, ih*> 1O0 and 75 ng 
points for each (ample are connected by a fine. 



by plotting the mean £-actio value obtained 
for each lOO liy sample on a p-actin standard 
toiive (shown in Pig- 4C). Hie actual genomic 
ON A concentration of each sum pie, was ob 
tallied by extrapolation to I lie j6uxJa, 

Figure 4A allows the measured (S.it., mm- 
normalised) qvmnUli^ of factor VJJJ pln.sinid 
ON A (pI^TM) from each of the four transient cell 
tra refect lotw Each react ion contained 100 ng of 
total sample DNA (as determined l>y UV spectros- 
copy). VacU scrapie w;is analyzed in triplicate 
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Figure 5 Analysis of lidnsfectcd cell DNA quantity 
and purity. I lie DNA preparations of the four 293 
cell transfeciions (40, 4, 0.5, and 0,1 fig of pF8TM) 
were analyzed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfectcd, the p-actln 
C 7 values are plotted versus the total Input DNA 



Rl \\ ilMI- OUANTITATIVH PCK 

PC.U «nnplifi cations. As shown, pl ; BTM purified 
,ftoic Jhc 293 cells decreases (mean C, values in- 
crwvit'ij with decreasing amounts of plasm id 
itrumb'Ucd. The mean C t values obtnined for 
prWW in Tlgure 4 A were plotted on a standard 
curve comprised of scslully diluted pKHTM, 
shown .tn figure 4R. The quantity ol pI'KTM, b, 
found in each of the four iranfifcctions was de- 
termined by extrapolation to the * axlfc of the 
standard curve In lUgurc- 4H, Those, uncorrected 
values, b, for pPHTM were normally^! to del er- 
mine the actual amount of pP81M found per 100 
of genomic DNA by using the equation:. 

/> x ^ X>_»8 uctual pI ; B*l*M copies oer 
a T 100 ng of genomic DNA 

where a actual genomic DNA in a sample and 
fcwpPHTM copies from the standard curve, 'Ihc 
normalised quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of the four 1 ransfccilons Is 
shown in Figure 'Hic.sc re.iuU^ .show mai ilic 
quantity of factor V1J1 plasuUd associated whli 

thC 293 cell.S, 24 hr wfUT lr«Jusfv:^li«Jit, Uih.iu.jSus 
wJtli dccrcusluj; pl^niui uim.wntiaUou u.sed in 
the tranced km. The quantity of pl'ttTM n«oeJ- 
ateo with 293 cells, after uunsfealon with 40 
of plij/iinid, was 35 psper 100 ng ^moiuic DNA. 
Tills results in -520 piasinid copies per cell. 



DISCUSSION 

Wo have described a new method for quantitui- 
gene copy numbers using rcaMlmc ami lysis 
of PGR amplifications. ReaMlmc PCK is compat- 
ible with cither of the two HCK (KT-PCR) ap- 
proaches (1) quantitative comjK:ihivi; where An 
Internal competitor for each target sequence is 
used for norm all nation (data not shown) or (2) 
quantitative comparative PCK using a iioiiiudizfl- 
ttou yexie contained within the sample (i.e., p-ac- 
tiii) ax a "housekeeping" gene for RT-PCK. If 
equal amounts of nucleic acid are analyzed for 
each sample and if the amplification efficiency 
before quantitative analysis o identical for each 
.sample, the hirernal cunttwi (nomwliyaiion >jene 
or competitor) should Rlvc equal M^nah for aI3 
samples. 

The real-time PCK method otters several ad- 
vantages over the other two methods currently 
employed (see the Introduction). Mrst, the. real- 
time PCR method is performed in a doscd-tube 
system and requires no post-PCR manipulation 

-r r\ r> c rtAi ©«•*? ttu.t nn *r»T toot /on /tt 
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Figure 4 Quantitative analyst* of pFSTM in transfcctcd cells. (A) Amount of 
plasmid DNA used for I he trunsfection plotted against the mean C, value deter- 
min«d for p/*{JTM remaining fa hr alter transection. <fl,C) Standard curves of 
pf-ftlM and Mctlri, respectively. pf6TM DNA (J) and genomic ONA (Q were 
diluted AArlally 1;S lx>for« amplification with the approprinte primers. Trie p-actin 
standard curve wa* usod to normalise the results of A to 1 00 ncj of genomic DNA. 
(0) The amount of pF8TM present per 100 ng of genomic DNA. 



nf .wmpkv Therefore, (he potonti**) for rcu con- 
tamination in the laboratory is reduced because 
amplified products cam Ik* analysed and disposed 
of without opening ilu» reaction tubes. Second, 
this method suppoiln the umi of a iiortii;i1i*iitk>n 
gene (i.e., 0-actin) /or quantitative. PGR or house- 
keeping gene.'; for quantitative RT-l'CK controls. 
Analysis Is pcrformc-d in real time during the Jog 
phase of product accumulation. Analysis during 
k»K phase permits many different genes (over a 
wide input target range) to be analyzed simulta- 
neity, without concern of reaching reaction 
plateau at different cycles. This will make ijiultl- 
gens analysis assays much caatai tv develop, be- 
cause individual internal ujinpetUoi* will nut be 
needed for ench gene under analysis. Third, 
Ad in pie throughput vvili incjear>c diamaiicaiiy 
with the new method because there is no 
J*CR processing time. Additionally, walking in a 
°6-wcll format is highly compatible with auto- 
ination technology. 

The real-tune PCR inelhod ij> highly repro. 
duciblc. Replicate, amplifications can be analyzed 



for wh sample minim hcing jxncmial error. The 
.systtmt allows lor a very large assay dynamic 
runge (approaching 1,000,000- fold .starting lai- 
gol). Uaiiig u .Niandurd curve for the target pi in* 
tercst, relative copy number values can be deter- 
mined /or any unknown Na;ijpU\ Fluorescent 
threshold values, O p condair. linearly with rela- 
tive DNA copy numbers. Heal time quantitative 
KT-r<;U methodology (Gibson ct ah, this l.«uft) 
hJM also been de vetl oped. -fin ally, real tlm* quan- 
titative 1*CU methodology can be used tu develop 
high-throughput jcrccnlng assay* for ji variety of 
applications fquantitalivc gene capieaaiuu (RT- 
rCR), ftcne copy naaaya (Hcr2 r HIV, ClC), gcniV 
typing (knockout mouse, analysis), and Imniuno- 

ratj. 

Real- time P(-U may al.to l*= j*erformcd using 
intercalating dyo.s (Higuehi et ah WX?.) such us 
cfJiJditirn bromide. The fluorogenic prohe 
method offers a major advantage over inter- 
calating dyes— -greater specificity (i.e., primer 
dinners and nonspecific PGR products are. not d fi- 
lmed). 
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METHODS 

Generation of <t PlasmteJ Containing a Partial 
cDNA Tor Human Factor VIII 

Tula! HNA w<u hurvrMcd (UN Aw* H from 't'ol Test, Inc., 
J-D(;ndAV\'OOd, TX) froiu evils tn»o*rcclod wllh j» factor Vlll 
i-xjir^sluti vector, pc:iSZ.(k451) (Kaum et lit. I°H6; Gor. 
man a at. 1900). A factor Vlll partial chNA wpienev WHS 
ft oru.rnU-d by UT POt ItloneAmp W. (Till ItNA PCU XH 

(pan Nttojunyy, AppheO Uio$ysicm,s Postvi City, <.^A)J 

using llic I'Cril priun-rs War H»d l*Rrev <prinn*r wqiunre* 
arc shown below). Hit* ampllcon was rcamjiliftrd dAlnfi 
nioilifivcl l^for and Wrcv primers (»n|x'nded with tawlll 
and HrVdUJ restriction she sequences «» 4Jiv V epdj and 
Clonal Into pCiKM- 3Z (IYo'ih^u CUvp., Mudurfui, Wl). The 
resulting clone, pPSTM, was u«d lor transient transfecilon 
oJ 293 ccJIa. 



Amplification or Target DNA am! Dulcciton of 
Amplicon Factor VIII Plasmid DNA 

(pFBTM) was Minfillftol Willi \Uv jrtiuH-i* IHfor S'-OCO 

(nxuxiAACiAUitjAt^iiCnV^' and Wrev .v-aaa<:<;t- 
t^ttCXrrCKSA'JXiCjTAClCi-.T.Ilic nm'tkui pfvduerd w <M2- 
up it at product. The forward primer was de>lxned lu uv 
ognlxe u uxilquv M*ipii*uir ft mi id In I lie .V untranslated 
region of tl io pa mil pC132.tkZ5l> ploMtiUl (it id therefore 
dov$ i tut H'UJK'iUt: hi td amplify ihv huuiuo factor Vlll 
gem\ Primorfi wore choxou with the* avsiftjuirf of I he com- 
puter program Oli$o 1,0 (N«tion;d liiu.?cicnccs, lne, ( Ply. 
mouth, MN). The human p-actln gene w«s Amplified with 
like primer* U-tii-lin forward primer 5 ' TCACOOACAt TVi !T 
GCCCATOACGA-.V and p-actin xcwrse p*imer V.< :A(;. 
C00AACCCcrr<:Ari(K:cAA'l'GG-3'. The reaction pro- 
duced a ays-ftp rcu product. 

Amplification reaction* (5U fjj) contained a DNA 
sample, H)x PCR Buffer II (>S uj), 200 h-m dAVP, dOT, 
dGTI\ and H00 jvm rfllTP, 4 tnM Mjj<;i ?t 1,M Unlls AmpJI 
ruy dna poiymciasc, 0.5 unit Ampwnsc uracil N-fiiy- 
wwyluac (UNO), £0 pmolv of vftch fnctoi Vlll nrlmvi, und 15 
ptunlt* o( <uioli j< actio pihuc*<r. Tlut icat tlwiv/v uImi t:onlulncd 
One Of the fotlpwlnj; defectum prohcH (KM) nw nirh): 

i'Hiirt»h<- A'(KAW)Ac:cnxri , c:c:A<:criY;crn , (;riT<;Tc:T. 

CiCCTT(TAWRA)^ 3' «ud p-nctin proU- 5 r (TAM)ATCCU:c;- 
X(TAMKA)CCCCCATCCCATCp-3' where p indicates 
phn^phorylAiiort And X indicates a linker arm nucleotide. 
Reaction tul h* ? wen.* Mit:mAmp Optical TuWcs {part i\ tim- 
ber NKOt 0Q3.\ PcrkJn lUnwi) that wore fretted («i IVrl;in 
Elmer) to |wwn! light from /•cflccling. ')\d>c capi were 
iln)»U*»v to MunjAmp c;nps l>ul specially dwiflncd to pre- 
Ycnl H^hl seutlcrMijj. AII ol tli<- p<;w ^/ii«umuhif* wcro 
plicd Ivy PK Applied Uioiydtcins (Po*h«r ClUy, CA) except 
the fuctor Vlll prlmtfrs, wlileh w*-u* synthesized at Cvnvii 
lech, Inc. (South f^n Fmuclsco, CA). Prohev wm- dc*siyin.'d 
lining the OI)£;o A.O software, /ollvwlii}; gutddhios 
jicstea in inc Model 77fK) .Sequence Pcuriur In^iauiienl 
nianuah Brlcny, prube T m iliiiuUt he At least £ U C hlfihrr 
man rpe anneal hu{ itfiupi'idturc u^cd during thcnnttl cy- 
cling; primers should ikH fuim nI«iIj1v duplexed wiili tin* 
probe. 

The UieniKtl eycllng condition.*! InrludvU % Jiiln M 
50°C and 10 niin al 9S"C. 'Ilicrnial cycling proceeded with 



naciioiik wore pciioroivd h» the Modof 77011 Sequence IV- 

Un-lor (PU Applied Utus^tvmw), imldrh cuiiulus * Cciv- 
Al«t» l»<':U Systom JJWO. ltc:a<:llon cotiditioi^ wt rr- pin. 
gruunuea on j lw« M«cintt«h V100 (Apple Con *piih»r, 
Soma Qaru, C^\) Unkcd dirvtily to the Model V700 
quenev IXiUctor, Aji»ly*l* *»f data w>« »ta,i performed on 
ihv Vin'inlmh c«wp\dcr. CViIIachIoii and analysis snfiware 
w«» dcveUi|>ed Ht PK Applied Plosy*l«ins. 



Transection of Cells with Facror Vltl Gsiutrud 

Pour T17S Hasks of 293 celb (ATC^t CIU. 1571t), ?i human 
fetal kidney suspension cell line, wvre ur» w H l<> con- 
Ihicney iiftd tranifcm'd pl'rTJM. Colli wore grnwu iJi the 
following mcdlat StW» HAM'S VV1 without OHT, 5tv^ U»«i 
glucose Huihccon's mndlflcri I^le medium 0 JMHM) wlth« 
enn filydtit: wiUi sodium bicarbonate, 10% letfll tx»vinc 
sertnn, 2 him l-kIuUmiiic, And 1% penidllin-strcptomy- 
tln. The media vyw dumped 30 mln befa™ the Iransfcc 
lion. pPtfl'M WA amounttt of 40, 4, OJv, nnd 0.1 h; were 
added ii» I.* ml of « solution containing 0,12^ m CU»a. ; .' 
And 1 X lll'4'KS. The four mixture* were left at room tetn- 
|.K-.n«^jrf fot TO mln and then. ;id<U-*l dnipwlw to d»« cvtos. 
The nid»k> wvieh.t.ul^utcd al 37°C And 5,% < .(\ for 24 hr, 
washed with PUS, rAt^pcndcd In PUS. Thtf rt'fttin 
jft*ndi«l oelb were divided into uliquota and UNA 
tnwted luuiicdlutvly usiiiK IhvQJAanip KUmd Kit (Qi^p:en, 
Qwt^wortli, CiA). I>NA vy ( is e.luied Into 200 uf 30 
TrU-UCJ ot pll H.O. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-l and WISPS, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (t) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt- 1 under the control of a 
tetracylihe repressible promoter, and («) Wnt-1 transgenic 
mice. The WISP- 1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISPS mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3j3) resulting in an increase in 
0-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-caienin levels (9). A PC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or j3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1), 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-|3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type,'we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multiiayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISPS, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 p.g of poly(A)" RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 pig 
of poly(A). + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening \gtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 jiM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3 -phosphate dehydrogenase primer 
sequences are available on request. , 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP- J or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation fluorimetry. Total RNA was. prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (ict) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
6-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W'AS/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-EImer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
l-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. I A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDN A sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-iinked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~ 27,000 (M r 27 R) (Fig. IB), Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

C57MG 

Parent WnM Wnt-4 



A. 




Fig. I. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poty(A) + RNA (2 /ig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp WISP- 2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridizedwith 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP- 1 {A) and mouse and human WISP-2 (fl). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESJs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDN A of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354 r aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-I inked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
' human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elm I is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop- 1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17), Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor* (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs, The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (S) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WlSP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-l and WISP-2. Expression of 
WISP- 1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-l was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-l expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-l, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4, (A, C,E, and C) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-l expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and 5), 
expression of WISP-l is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and 0), and tumor cells are negative. 
Focal expression of WISP-l, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 
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the predominant cell type expressing WISP-l was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels, WISP-l is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-l is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lpd = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression ofWISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-l resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-l 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-l locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-l and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-l in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0,001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-l (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-l genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic- DNA (10 jig) 
digested with EcoRl (WISP-l) or Xba\ (c-myc) were hybridized with 
a 100-bp human WISP-l probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes arc 
detected in normal human genomic DNA after a longer film exposure. 
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Fio. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fotd. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP- 1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v fc serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISPS RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and 0-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic 0-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in .C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell-proliferation assays were 
done essentially as described 2021 . Briefly, after antigen pulsing (30u,gmr l 
TTCF) with tetrapeptides (l-Zmgrnf 1 ), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0. 1M and the cells were washed five times in RPMI 
1640 medium containing 1% PCS before co-culture with T-cell clones in 
round -bottom 96 -well microtitre plates. After 48 h, the cultures were pulsed 
with 1 M-Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 p-g 
pig kidney legumain in 500 u,I 50 mM citrate buffer, pH 5.5, for I h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(JV-glucosamine) 
EEDI and HIDNESD1, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C- terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQ HLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The iyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl"' o> 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cyto toxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane -asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 arid OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected. with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6 ' 7 , Apo3L/TWEAK B ' 9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity {K d = 0.8 i 0.2 and 
1.1 ±0.1 nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
^0.1 u-gml -1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin- 2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding ! 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes l ' l4 ~ l< \ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ~65% to 
—30%, with half-maximal inhibition at —lu-gmP 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene -copy number by quantitative polymerase chain 



DcR3 1 
OPG 1 



DcR3 32 
OPG 26 



DcR3 63 
OPG 5S 



0r aFlIe g p g|l|s lPlIc lvlalpall p*v|p|a v i 
n kuJl c c aUJv fLud isikwttqet fleJ - - 



t[p|t|7]p w r[d|a1e t|g e rFl]v[c]a q| 



CP P GT F V 

lei p g tW 



v a r p[c| 

L K Q Hie] 



1 R D S p[T|T(c]GjP.C. PjP R hIY;T|Q fIwIn Y L E r[c]r|YCIn V 

: a k w kItMcIa Ip ctpI d h y Iy tI d s|hjh t s d eIcIl Iy el s P 



DCR3 94 
OPG 86 



DCR3 125 
OPG 117 



DCR3 1S6 
OPG 148 



DCR3 187 
OPG 179 



DcR3 218 
OPG 209 



DCR3 248 
OPG 240 



DCR3 278 
OPG 271 



LfclGrilR E E E A R a|c]k a|T H N RjAfclRfclR t[g] 

vIcJkIeJl q y v k q eLjn r It h m rM cIeIcIk eIgJ 



F F A H A G 
R Y L E I E 



If c lI e[h] aJ s c p/iP gIaIg vl i a pIg t pIs QlNTlofclo p|c pIp 
1p c lIkIhIr Is c p p gI f Ig vl v q aIgJlpJe ruliJv[cJk rIc_pJd 

1 1 1 I CR04 ■ ■ ■ 

[gItIfsIa s sisals e q[c]q p[h]r|n c|t a l|gx|a[l|n v p[g]s 
IgIf if sI n e t Is sI k a pIcjr KLUUTLttJjs v fIsjJlUJt q kIgJn 

^TdIt LjclT SCTGFPLSTRVPGAE E[c"e]r|a|V I D 
|H d| n ilcjs GNSESTQKCG ID - VT l |c e| e|a|f F R 

[71 v a f q d is ik r[l|q rFIIl q a[l|e apegwgpt - p[r| 

IeIa V PTK FTPNWUJS v[lJv D nUJp GTKVNAESV eLbJ 

a g(r]a alql-klrr rFlIt e£l|l g a[q|d g|a]l - l[v1r L h 
. i kIbJq hssqeqtf qLul kUJw k hIoJn kLbJq d iIvJk K I 

QALRVARM PGL e[r]s V R E R f[l|p V H 300 
IQDIDLCENSV qIrJh I G H A NUoJt F E 293 . . . 



150 



c 0 
3 150 
o 



J 


I 


Vector 






FasL j 



0 101 



102 103 10 4 
PE 



b Mr(K ) Vector 
30 -I 



FasL 



22- 



LL U- LL U_ Ll_ U_ 

t- CO U) CO V) 

or tr « CC QC i™ 

u_ u u_ o u - 

2 Q 2 O 



C M r {K) 

30 -L 











o 


u 


U 




Ll_ 


u. 

CO 


LL 


O 


LL. 


tr 

o 


CO 
LL 


_J 
tfl 


t- 


Q 




CO 
LL 




10- 1 10 1 
sFasL (nM) 




Fetal 



Adult 



Cell line 



Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD l -4), and the /V-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of pofy(A)* RNA (Clontech) from 
human fetal and adutt tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFRI-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
fabelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) lfl in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 1 5 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2Jv . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL {sFasL;.5ngmr') oligomerized 
with anti-Flag antibody (0.1u.gmr') in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgG 1 arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a, in presence of 1 n-9 ml"' DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human fgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleuktn-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc. or DcR3-Fc (10 fig ml"'). 
After 16 h. apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 51 Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 51 Cr (mean ± s.d. for two donors, each in triplicate). 
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Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g. h, j, k. r), seven squamous-cell carcinomas (a, e. 
m, n, o, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 11 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule ApoZL 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or EfFectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u-g), together with pRK5 encoding CrmA 
(2u,g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl -Fc and then with phycoerythrin- conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S}cysteine and [ 35 S]methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (lOfxM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 jig) (Alexis) was incubated 
with each Fc-fusion protein (1 ^.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 fig) was 
incubated with buffer or with DcR3-Fc (40 u-g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-mI fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 1 00 \i\ aliquots into microtitre 
wells precoated with anti-human lgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti -Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti -human 



lgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g ml"') for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml -1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACS analysis of annexin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 'Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of ? l Cr in effector- target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
ceUs. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI ). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (iCT \ where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes'. The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug- resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate sub units which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. co/i 1,3 " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
•properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. I). A six-stranded p- 
sheet (p3 and p8-p 12) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi, (32, p4-p7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text), 
Trie thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (1-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C. C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-cha in -reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require ppst-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. I 
Cancer 78:661-666, 1998. 
© 1998 Wilcy-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et al, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccndl ( 1 1 q 1 3), and erbBl (1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erb&2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et al, 1992; Slamon et aL 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erb%2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an . 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e.. 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e.. 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et at., 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; fii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi -automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndi and erbBl), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and Mood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the rumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 1 8 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N = 1 . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, C A) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10~ 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 rig). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included; a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 



GENE AMPLIFICATION BY REAL-TIME PCR 



Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene {app), which maps to a 
chromosome region (2 1 q2 1 .2) in which no genetic alterations have 
been found in breast rumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 
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Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 : copies or as 
many as \0 5 copies. 

Copy-number ratio of the 2 reference genes fapp and z\h) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 3 (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and zibB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.91 ± 0. 19) for erbBl. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccnd 1 and erbi?2 gene dose in breast-tumor DNA 

myc, ccnd J and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbftl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for er6B2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erb&2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 1 7q2 1 region (the site of er£B2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (1 myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE J - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbBl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 




myc 

ccndl 

erbB2 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2?/o) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in aimors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formal in- fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai, 1994). (/i) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et ai, 1992; Borg et ai, 1992). (///) 
The frequency and degree of myc amplification in our breast rumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et ai ( 1 992) and Courjal et ai 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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H FAM - B4 
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Viewer: 1 ARn (B,.."^l 



1 i I i I I I i i i i i i I I I I I * I I I I i t i i I I 
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter: | FAM | 

Cycle 



CCND1 ALB 
Tumor Copy number c t Copy number 

■ T118 27.3 4605 26.5 4365 

m T133 23.2 61659 25.2 10092 

M T145 22.1 125892 25.6 7762 

Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Til 8 (El 2, C6, black squares), T 133 (Gil. B4, red squares) 
and T 145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experimenL Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et ai t 1992; Borg etal. 1 992; Courjal et 
ai, 1997). (v) The erbS2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai. 1995; Deng et ai. 1996; Valeron 



et ai, 1996). Our results also correlate well with those recently 
published by Gelmini et ai (1997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n — 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Nccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6,03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy n amber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR- (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southem-btot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai. 1992; 
Slamon e/ a/.. 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q2l) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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and Ashkenazi. A. Molecular and biological properties of an interleukin-1 
receptor immunoadhesin. Mol. Immunol. 31, 1345-1351 (1994). 

34. Oksenberg, D., Havlik, S., Peroutka, S., and Ashkenazi. A. The third intracellular 
loop of the 5-HT2 receptor specifies effector coupling. J. Neurochem. 64, 1440- 
1447.(1995). 

35. Bach, E., Szabo, S., Dighe, A., Ashkenazi. A.. Aguet, M., Murphy, K., and 
Schreiber, R. Ligand-induced autoregulation of IFN-y receptor P chain expression 
in T helper cell subsets. Science 270, 1215-1218 (1995). 

36. Jin, H., Yang, R., Marsters, S., Ashkenazi. A.. Bunting, S., Marra, M., Scott, R., 
and Baker, J. Protection against endotoxic shock by bactericidal/permeability- 
increasing protein in rats. J. Clin. Invest. 95, 1 947- 1 952 ( 1 995). 

37. Marsters, S., Penica, D., Bach, E., Schreiber, R., and Ashkenazi. A. Interferon y 
signals via a high-affinity multisubunit receptor complex that contains two types 
of polypeptide chain. Proc. Natl. Acad. Sci. USA. 92, 5401-5405 (1995). 

38. Van Zee, K., Moldawer, L., Oldenburg, H., Thompson, W., Stackpole, S., 
Montegut, W., Rogy, M., Meschter, C, Gallati, H., Schiller, C, Richter, W., 
Loetcher, H., Ashkenazi. A .. Chamow, S., Wurm, F., Calvano, S., Lowry, S., and 
Lesslauer, W. Protection against lethal E. coli bacteremia in baboons by 
pretreatment with a 55-kDa TNF receptor-Ig fusion protein, Ro45-2081.\7. 
Immunol. 156, 2221-2230 (1996). 

39. Pitti, R., Marsters, S., Ruppert, S., Donahue, C, Moore, A., and Ashkenazi. A. 
Induction of apoptosis by Apo-2 Ligand, a new member of the tumor necrosis 
factor cytokine family. J. Biol. Chem. Ill, 12687-12690 (1996). 
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40. Marsters, S., Pitti, R., Donahue, C, Rupert, S ., Bauer, K., and Ashkenazi, A. 
Activation of apoptosis by Apo-2 ligand is independent of F ADD but blocked by 
CrmA. Curr. Biol. 6, 1669-1676 (1996). 

41 . Marsters, S., Skubatch, M., Gray, C, and Ashkenazi. A . Herpesvirus entry 
mediator, a novel member of the tumor necrosis factor receptor family, activates 
the NF-kB and AP-1 transcription factors. J. Biol. Chem. 272, 14029-14032 
(1997). ^ 

42. Sheridan, J , Marsters, S., Pitti, R., Gurney, A., Skubatch, M., Baldwin, D., . 
Ramakrishnan, L., Gray, C, Baker, K., Wood, W.I., Goddard, A., Godowski, P., and 
Ashkenazi. A. Control of TRAJL-induced apoptosis by a family of signaling and 
decoy receptors. Science 277, 818-821 (1997). 

43. Marsters, S., Sheridan, J., Pitti, R., Gurney, A., Skubatch, M., Balswin, D., Huang, A., 
Yuan, I, Goddard, A., Godowski, P., and Ashkenazi, A. A novel receptor for 
Apo2L/TRATL contains a truncated death domain. Curr. Biol. 7, 1003-1006 (1997). 

44. Marsters, A., Sheridan, J., Pitti, R., Brush, J., Goddard, A., and Ashkenazi, A. 
Identification of a ligand for the death-domain-containing receptor Apo3. Curr. Biol. 
8,525-528 (1998). 

45. Rieger, J., Naumann, U., Glaser, T., Ashkenazi, A ., and Weller, M. Apo2 ligand: 
a novel weapon against malignant glioma? FEBS Lett. 427, 124-128 (1998). 

46. Pender, S., Fell, J., Chamow, S., Ashkenazi, A ., and MacDonald, T. A p55 TNF 
receptor immunoadhesin prevents T cell mediated intestinal injury by inhibiting 
matrix metalloproteinase production. / Immunol. 160, 4098-4103 (1998). 

47. Pitti, R., Marsters, S., Lawrence, D., Roy, Kischkel, F., M., Dowd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gurney, A., 
friiio» v rnhon p nnHHarH A Bntstein. P.. and Ashkenazi. A. Genomic 
amplification of a decoy receptor for Fas ligand in lung and colon cancer. Nature 
396,699-703 (1998). 

48. Mori, S., Marakami-Mori, K., Nakamura, S., Ashkenazi. A ., and Bonavida, B. 
Sensitization of AIDS Kaposi's sarcoma cells to Apo-2 ligand-induced apoptosis 
by actinomycin D. J. Immunol. 162, 5616-5623 (1999). 

49. Gurney, A. Marsters, S., Huang, A., Pitti, R., Mark, M., Baldwin, D., Gray, A., 
Dowd, P., Brush, J., Heldens, S., Schow, P., Goddard, A., Wood, W., Baker, K., 
Godowski, P., and Ashkenazi. A. Identification of a new member of the tumor 
necrosis factor family and its receptor, a human ortholog of mouse GITR. Curr. 
Biol. 9, 215-218 (1999). 
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50. Ashkenazi. A ., Pai, R., Fong, s., Leung, S., Lawrence, D., Marsters, S., Blackie, 
C, Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Khoumenis, I., Lewis, D., 
Harris, L., Bussiere, J., Koeppen, H., Shahrokh, Z., and Schwall, R. Safety and 
anti-tumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest. 104, 155- 
162 (1999). 

51 . Chuntharapai, A., Gibbs, V., Lu, J., Ow, A., Marsters, S., Ashkenazi, A., De Vos, 
A., Kim, K.J. Determination of residues involved in ligand binding and signal 
transmissiion in the human IFN-a receptor 2. J. Immunol. 163, 766-773 (1999). 

52. Johnsen, A.-C, Haux, J., Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi, A., and Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 11, 664-672 

(1999). 

53. Roth, W., Isenmann, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 
Ashkenazi. A., and Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRATL. Biochem. Biophys. Res. Commun. 265, 479- 
483 (1999). 

54. Hymowitz, S.G., Christinger, H.W., Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
R.F., Ashkenazi. A. and de Vos, A.M. Triggering Cell Death: The Crystal 
Structure of Apo2L/TRATL in a Complex with Death Receptor 5 . Molec. Cell 4, 
563-571 (1999). 

55. Hymowitz, S.G., O'Connel, M.P./Utsch, M.H., Hurst, A., Totpal, K., Ashkenazi, 
A,, de Vos, A.M., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2L/TRAIL. Biochemistry 39, 633- 
640(2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M., 
Ashkenazi,- A., and Steeg, P.S. Radiation and the Apo2L/TRATL apoptotic 
pathway preferentially inhibit the colonization of premalignant human breast 
cancer cells overexpressing cyclinDl. Cancer Res. 60, 2611-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi. A. Apo2L/TRAIL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 61 1-620 (2000). 

58. Van aa Marctgrs S A Txrewa^ T.S., Wang. H.. *Ashkenazi. A., and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol. 1, 37-41 (2000). 
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59. Marsters, S.A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazi, A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologues BCMA and TACI. Curr. Biol. 10, 785-788 (2000). 

60. Kischkel, F.C., and Ashkenazi, A . Combining enhanced metabolic labeling with 
immunob lotting to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-512 (2000). 

61 . Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 
Hillan, K., Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leung, S., Khan, L., Gliniak, B., Bussiere, J., Smith, G, Strom, S., Kelley, S., 
Fox, J., Thomas, D., and Ashkenazi, A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 

62. Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 
Koeppen, H., Ashkenazi, A ., and Kim, K.J. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol. 
166,4891-4898 (2001). 

63. Pollack, T.F., Erff, M., and AshkenazjLA. Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * Ashkenazi, A ., and *Grewal, I.S. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001). 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, J., Arnott, D., and Ashkenazi, A . Death receptor recruitment of 
endogenous caspase-10 and apoptosis initiation in the absence of caspase-8. J. 
Biol. Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, D.A., Varfolomeev, E., Totpal, K., Morlan, J., Schow, P., 
Fong, S., Schwall, R., Sinicropi, D., and Ashkenazi, A Tumor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcl-2 homolog Bax. Nature Med. 8, 274-281 (2002). 

67. Miller, K., Meng, G., Liu, J., Hurst, A., Hsei, V., Wong, W-L., Ekert, R., 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G, Sliwkowski, 
M., Ashkenazi, A ., and Presta, L. Design, Construction, and analyses of 
multivalent antibodies. J. Immunol. 170, 4854-4861 (2003). 
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68. Varfolomeev, E., Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Erickson, S., French, D., Schow, P., Grewal, I. and Ashkenazi. A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1 . Ashkenazi. A., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. LIII, 263-272 (1988). 

2. Ashkenazi. A .. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol. Sci. Dec Supplement, 12-21 (1989). 

3. Chamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J., Byrn, 
R., Capon, D., Ward, R., and Ashkenazi. A . CD4 irnmunoadhesins in anti-HTV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkenazi. A .. Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol 10, 
217-225 (1993). 

5. Ashkenazi. A ., and Peralta, E. Muscarinic Receptors. In. Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi, A. 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi, A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi. A ., and Chamow, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology 8, 104-1 15 (1995). 

9. Chamow, S., and Ashkenazi, A . Immunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol. 9, 195-200 (1997). 

11. Ashkenazi. A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281,1305-1308 (1998). 

12. Ashkenazi. A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell Biol. 11, 255-260 (1999). 



13. Ashkenazi. A . Chapters on Apo2L/TRAIL; DR4, DR5 , DcRl , DcR2; and DcR3 . 
Online Cytokine Handbook fwww.aDnet-com/cvtokin ereference/). 

14. Ashkenazi. A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

1 5 . LeBlanc, H. and Ashkenazi. A . Apoptosis signaling by Apo2IVTRAIL. Cell Death 
and Differentiation 10, 66-7 '5 (2003). 

16. Almasan, A. and Ashkenazi. A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). ' 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi. A ., eds., John Wiley and 
Sons Inc.) (1999). . . 

Talks: 

1 . Resistance of primary HTV isolates to CD4 is independent of CD4-gp 120 binding 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. JJ3C conference on 
Antibody Engineering. San Diego, C A, December 1993. 

5 . Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1994. 

7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of hnmunologists Conference. San 
Franciso.CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, . C A, February 1 996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

1 0. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

1 1 . Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 

1 2. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1996. 

13. Apo-3: ahovel receptor that regulates cell death and inflamniation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

1 4. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

1 6. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, CA., October 1997. 

1 8. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philladelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of Lnmunologists. San 
Francisco, CA, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 

May 1998. 

2 1 . Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
. CA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23: Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1 999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

3 1 . Apoptosis and cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philladelphia, PA, Apr 2000. 

33 . Apoptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAIL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA, June 2000. 

35. The Apo2L/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAJJL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2L/TRAIL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAJX. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Minisymposium, NTH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001. 

41. Preclinical studies of Apo2L/TRAJJL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001 . 
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42. Apoptosis signaling by Apo2L/TRAJL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 200 1 . 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001 . 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001. 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. * Apoptosis signaling by death receptors. American Society of Nephrology 

Conference. San Francisco, CA, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

51. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
conference. San Diego, C A. October 2002. 

54. Apoptosis signaling by Apo2L/TRAIL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAJL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003 . 

58. Targeting apoptosis through death receptors. Second International Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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1 . Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

2. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

3. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 

4. Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 

5. Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

6. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

7. Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 

8. Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 

9. Ashkenazi, A. Fong, S., Goddard, A., Gumey, A., Napier, M, Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 

10. Ashkenazi, A. APO-3 Receptor. US patent 6,462,176 Bl (Oct 8, 2002). 

11. Ashkenazi, A. APO-2LI and APO-3 polypeptide antibodies. US patent 6,469,144 Bl 
(Oct 22, 2002). 

12. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents.. US patent 6,582,928B1 (Jun 24, 2003). 
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